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Final  Report:  Elastic  Properties  of  Advanced  Superhard  Thin  Films  by  Surface  Brillouin 
Scattering:  Effects  of  Structure,  and  T,  P  Environments. 

(1).  Statement  of  the  problem  studied 

Recent  theoretical  predictions  of  the  new  superhard  materials  and  production  of  the  new  superhard  films 
such  as  cubic  boron  nitride  (cBN),  carbon  nitride  P-C3N4,  B4C  and  chemical  vapor  deposited  (CVD)  diamond 
films  have  surged  considerable  interest  in  mechanical  properties  of  thin  hard  and  superhard  films.  Their 
hardness  and  abrasive  qualities,  highly  valued  in  applied  technology  and  defense  industry,  are  controlled  by 
their  large  elastic  moduli.  Elastic  properties  of  the  superhard  films  need  to  be  determined  experimentally 
because  they  strongly  depend  on  the  synthesis  conditions,  and  they  cannot  be  derived  from  theoretical 
considerations  and  modeling  alone. 


C 


Figure  1.  The  C-N-B  system,  as  a  basis  for  the  conducted  work  on  hard  and  superhard  multicomponent 
coatings. 

The  goals  of  this  project  were  to  determine  the  elastic  properties  and  microstructure  of  the  new  superhard 
thin  (30-500  nm)  coatings,  such  as  those  based  on  the  B-C-N  triangle  (Fig  1),  by  surface  Brillouin  spectroscopy 
(SBS),  in  conjunction  with  atomic  force  microscopy,  as  a  function  of  composition,  structure  and  P-T 
environments.  We  focused  our  research  work  on  thin  films  that  had  best  mechanical  properties.  Results  of  the 
research  conducted  have  so  far  resulted  in  17  publications  [1-17).  A  graduate  student  is  participating  in  this 
research  project.  The  main  accomplishments  are: 
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(2).  Summary  of  the  most  important  results 


(a)  Diamond-Like  Carbon  Films  and  Materials 

1.  We  studied  various  types  of  diamond-like  carbon  (DLC)  films  [9,10,16]:  Cr  doped  DLC  films  on  steel, 
and  DLC  films  deposited  on  Si  (001)  and  containing  only  carbon.  The  results  have  demonstrated  that  the 
elastic  moduli  of  the  films  decreased  when  foreign  atoms,  especially  metals,  were  incorporated  into  the 
DLC-structure, 

2.  To  measure  the  elastic  properties  of  the  DLC  films  thicker  than  1  |im,  we  proposed  techniques  which 
combined  two  methods,  i.e.,  surface  Brillouin  scattering  (SBS)  and  laser-surface  acoustic  wave  (SAW) 
technique  [9,10,16].  It  was  found  that  reasonable  estimates  could  be  obtained  for  the  longitudinal  wave 
velocity,  shear  wave  velocity,  and  Young’s  modulus  of  the  film  (see  Fig.  2  and  Table  1). 

3.  Combination  of  the  SBS  and  laser-SAW  technique  allowed  us  to  characterize  set  of  DLC  films  with 
thickness  from  25  to  500  nm.  We  did  not  find  conformation  of  the  “softening  effect”,  i.e.  decreasing 
elasticity  of  the  film  with  thickness  decrease,  for  DLC  films. 


Figure  2.  SAW  dispersion  curves  of  the  and  DLC/Si  samples,  (a)  Cr-DLC.  Solid  red  line  is  from  the  Laser- 
SAW  measurement,  solid  thin  lines  are  theoretical  curves  [10];  (b)  DLC/Si.  Solid  red  line  is  from  the  Laser- 
SAW  measurement,  solid  thin  line  is  the  best  fit  [16]. 

4.  Some  of  the  new  and  prospective  diamond  films  are  synthesized  from  Ceo  under  high  pressure  and 
temperature.  It  was  predicted  that  such  new  phases  obtained  form  C6o  under  high  pressure  and 
temperature  could  be  harder  than  diamond.  To  prove  this  prediction  we  measured  the  elastic  properties 
of  superhard  amorphous  carbon,  synthesized  from  Ceo  under  high  pressure  (13  -  13.5  GPa)  and 
temperature  (900±100°C)  by  SBS  [1,5,6].  Detection  of  the  lateral  and  Rayleigh  SAW  in  the  samples 
enabled  us  to  determine  the  bulk  and  shear  moduli  of  the  specimens,  which  showed  that  the  elastic 
moduli  of  the  new  phase  were  not  higher  than  those  of  diamond.  To  our  knowledge  it  was  the  first 
reliable  determination  of  bulk  and  shear  elastic  moduli  for  this  type  of  amorphous  carbon  material. 


(h)  Cubic  Boron  Nitride  films 


1.  We  conducted  measurements  of  the  elastic  properties  of  thin  hard  submicron  cubic  boron  nitride  (cBN) 
films  grown  on  silicon  [2,4,7].  The  cBN  films  (Fig.  3)  were  prepared  via  mass  selected  ion  beam 
deposition  (MSIBD)  at  the  University  of  Guettengen  (Germany).  Our  results  demonstrate  that  the  elastic 
properties  of  the  cBN  films  are  not  softer  than  those  of  bulk  cBN. 
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Figure  3. .  TEM-picture  of  sample  with  16  nm  cBN  layer. 

2.  The  other  task  of  this  study  was  to  investigate  the  cause  of  the  “softening  effect”  of  the  c-BN  film  at 
room  temperature.  Green’s  function  method  was  used  to  predict  Brillouin  scattering  spectra  of  the 
acoustic  excitation  at  the  free  surface  (Fig.  4).  Our  results  demonstrated  that  the  effect  of  the  thin 
hexagonal  boron  nitride  (hBN)  interlayer  located  between  cBN  film  and  Si  substrate  on  the  velocity  of 
the  surface  acoustic  wave  (SAW)  does  not  exceed  2%  for  a  thin  (16  nm)  film  and  is  negligible  for  cBN 
films  thicker  than  100  nm. 


angle  (degree) 

Figure  4.  Theoretical  SAW  dispersion  curve  for  cBN  film  (60  nm  cBN  /lO  nm  hBN)  on  Si  (001)  calculated  for 
[100]  direction,  and  compared  with  experimental  data  (stars). 


(c)  Zr02  and  Hf02  Thin  Films 


1 .  We  also  studied  the  variation  of  stmctuie  in  atomic-layer-deposited  (ALD)  Zr02  and  Hf02  thin  films  as 
function  of  thickness  (depth)  and  synthesis  temperature  environments  by  X-ray  diffraction  and  Raman 
spectroscopy  [12,15].  Both  techniques  detected  a  preferential  formation  of  metastable  phases  in  Zr02 
and  Hf02,  at  500  "  and  600”  C,  respectively. 

(d)  New  Nano-crystalline  Materials 

2.  The  hardness  of  nanocomposite  (nc)  films  developed  recently  appears  to  reach  the  hardness  of  diamond. 
In  order  to  understand  the  origin  of  the  extreme  hardness  of  the  novel  nanocomposites,  the  elastic 
properties  of  two  types  of  novel  nanocomposite  (nc)  films  were  investigated;  nc-TiN/<;z-Si3N4  and  nc- 
TiN/a-BN.  Further  more,  the  first  Brillouin  scattering  measurements  on  such  nanocomposite  films  have 
been  successfully  performed  using  the  backscattering  geometry  [14,  8].  It  was  also  found  that  high 
hardness  could  be  attributed  to  the  nanostructure  structure  of  nanocomposites  (Hall-Petch  effect). 

3.  New  nano-crystalline  BC2N  (C-BC2N)  phase  recently  synthesized  under  high  pressure  and  temperature, 
exhibit  extremely  high  hardness.  Nano-crystalline  BC2N  (C-BC2N)  phase  was  found  to  be  the  second 
hardest  material.  The  first  Brillouin  scattering  measurements  on  nanocrystalline  cubic  phase  of  BC2N, 
second  hardest  solid,  have  been  successfully  performed  using  the  “emulated”  platelet  scattering 
geometry  [3,10].  We  measured  both  longitudinal  (V),)  and  shear  (Vs)  and  calculated  the  bulk  and  the 
shear  moduli  as  259  ±  22  GPa  and  238  ±  8  GPa,  respectively. 

4.  In  view  of  continuing  effort  to  investigate  the  stmcture-property  relationship  for  hard  thin  films,  we  have 
installed  atomic  force  acoustic  microscope  and  have  studied  superhard  BC2N  phase,  and  selected  DLC 
films  [13].  For  BC2N  phase  it  was  found  that  the  small  crystallites  of  20-30  nm  (Fig.  5),  are  combined 
into  bigger  aggregates  (~  200  nm).  Such  a  nanostructure  fetchers  may  have  contributed  to  the  unique 
mechanical  properties  observed  in  the  BC2N  phase. 


(e)  Developing  the  Theoretical  Approach 

1.  We  have  developed  a  theory,  based  on  Green’s  function  approach,  of  surface  acoustic  waves  (SAWs) 
propagation  in  for  a  two-layered  anisotropic  system  (cBN/hBN/Si)  [2,4].  Fortran  code,  used  previously 
for  a  single  anisotropic  layer  on  an  anisotropic  substrate,  was  modified  and  has  now  been  successfully 
applied. 

(f)  Vacuum  Optical  Furnace  for  High-Temperature  Measurements 

We  have  constructed  (Fig.  6)  and  tested  high-temperature  furnace  to  investigate  temperature  dependence  of  the 
elastic  properties  of  the  DLC  films  to  600”  C. 


Figure  6.  Photo  of  Vacuum  Optical  Furnace  for  High  Temperature  Measurements. 


(g)  Atomic  Force  Acoustic  Microscope 

We  are  now  completing  the  installation  of  atomic  force  acoustic  microscope. 

In  regards  to  items  (/)  and  (g),  we  contemplate  making  excellent  use  of  these  two  facilities  in  the  renewal 
proposal. 


Table  I:  Elastic  properties  of  isotropic  superhard  films  and  materials  studied. 


Materials 

p  (kg/m^) 

V/.(km/s) 

V5(km/s) 

/s:v(GPa) 

//(GPa) 

Poisson’s 

ratio 

BC2N 

3358 

13.09 

8.410 

259 

238 

0.149 

Amorphous  carbon  from 
Ceo 

3150 

16.6 

10.92 

367 

376 

0.121 

nc-TiN/a-Si3N4 
(7.8  pm) 

5400 

8.98 

5.02 

254 

136 

0.273 

nc-TiN/a-BN 
(7.8  pm) 

5400 

9.40 

5.319 

273 

153 

0.265 

DLC  film  (495  nm) 

2780 

13.21 

8.5 

487 

200 

0.148 

Cr-DLC  film  (2.9  pm) 

2600 

5.21 

3.47 

28.8 

31.3 

0.100 

cBN  film  (60  nm) 

3500 

15.80 

9.91 

416 

434 

0.176 
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Surface  Brillouin  scattering  has  been  used  to  determine  the  elastic  properties  of  thin  hard^bmicron 

grown  o..mcon^ 

uroDerties  of  the  films  have  been  determined  by  fitung  experimental  data  to  theoreUcal  dispersion 
Lrves  A  Green’s  function  method  was  used  to  predict  Brillouin  scattering  spectra  of  the  acoustic 
excitation  at  the  free  surface.  Our  results  demonstrate  that  the  effect  of  the  thin  hexagonal  boron 
nilride  Interlayer  locateri  between  cBN  Him  and  the  SI  sub*ate 

acoustic  wave  does  not  exceed  2%  tor  a  thin  (16  nm)  film  and  is  negligible  for  cBN  films  UuclM 
to  IM  nm.  The  elastic  properties  of  the  cBN  films  are  not  softer  than  those  of  bulk  cBN. 
©  2002  American  Institute  of  Physics.  [DOI:  10.1063/1.1456242] 


I.  INTRODUCTION 

Cubic  boron  nitride  (cBN)  is  the  second  hardest  materM 
next  to  diatriond.  It  has  attracted  much  research  interest  by  its 
extreme  physical  and  chemical  propa:ties,  such  as  super  high 
hardness,  and  elastic  moduli,  high  atomic  density,  and 
chemical  inertness.'  The  cBN  films  have  several  advantages 
over  diamond  films  and  many  technological  potential  prop¬ 
erties  characteristic  for  hard  coating,^  however  despite  recent 
progress,  significant  barriers  still  exist  to  commercial  pro¬ 
duction  of  cBN  films.  The  thickness  of  these  films  com¬ 
monly  ranges  from  a  few  tens  of  nanometers  up  to  the  order 
of  1  fJtra,  and  therefore  it  is  challenging  to  characterize  the 
elastic  properties  of  such  thin  films.  Elastic  properties  of  the 
cBN  films  need  to  be  detamined  experimentally  because 
they  depend  strongly  on  the  synthesis  conditions,  and  these 
properties  cannot  be  derived  from  theoretical  considerations 
alone.  The  nanoindentation  technique  widely  used  for  me¬ 
chanical  characterization  of  thin  submicron  films  does  not 
allow  measurements  of  the  hardness  and  elastic  moduli  of 
the  submicron  coating  and  substrate  separately.  Obtaining 
good  estimates  of  the  hardness  of  cBN  has  been  challenging 
mainly  because  of  the  small  thickness  of  available  cBN 
films.  Conventional  methods  usually  employ  surface  acoustic 
waves  (SAWs).  The  surface  wave  displacements  are  concen¬ 
trated  within  a  wavelength  from  the  surface  and  can  thus 
probe  the  samples  within  a  depth  inversely  proportional  to 
the  frequency  used.  For  submicron  films,  frequencies  in  the 
range  1  -50  GHz  are  needed.  The  surface  Brillouin  scattering 
(SBS)  technique  offers  the  unique  opportunity  to  cover  this 
range  of  frequencies.^ 

While  SBS  has  been  used  in  the  past  for  measuring  the 
properties  of  thin  films,  its  appUcation  specifically  to  hard 
films  has  been  very  limited.''  This  has  resulted  from  the  fact 
that  for  the  hard  films,  SAW  dispersion  is  determined  mainly 
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by  highly  attenuated  pseudosurface  acoustic  waves 
(PSAWs),  and  the  theory  of  PSAW  propagation  in  hard  lay¬ 
ers  had  not  been  developed  until  recently.  Recent  theoretical 
and  experimental  studies  conducted  have  demonstrated  that 
the  thin  hard  films  can  be  characterized  by  SBS .  First  SBS 

studies  of  cBN  films  have  revealed  that  experimental  SAW 
values  for  cBN  films  are  ubiquitously  lower  than  theoretical 
values.’  This  large  reduction  in  the  elastic  constants  was  sw- 
prising.  SBS  studies  conducted  by  Pastorelli  et  al.  on  thick 
(700  nm)  cBN  films  also  revealed  25%  reduction  in  SAW 
velocity.  Recently,  the  SAW  dispersion  curve  for  cBN  films 
was  measured  by  SBS;"  however,  no  quantitative  data  on 
the  elastic  properties  of  the  cBN  films  have  been  provided, 
as  the  SAW  dispersion  curve  was  not  modeled.  It  is  neces¬ 
sary  to  point  out  that  the  elastic  constants  determined  in 
these  studies'®’"  were  drived  from  experiments  made  on 
thick  films,  in  which  the  wavelength  of  the  Rayleigh  wave 
(RW)  in  cBN  was  shorter  than  the  thickness  of  the  film. 

The  purpose  of  this  article  is  to  characterize  the  elastic 
properties  of  thin  cBN  films  (thinnw  than  RW  wavelength), 
and  to  evaluate  the  effect  of  the  soft  hexagonal  BW  (/tBN) 
interlayer,  which  is  common  in  these  films,  on  SAW  ^sper- 
sion  behavior.  We  will  demonstrate  that  the  softening  ef¬ 
fect”  characteristic  of  many  thin  films  cannot  be  explained 
even  if  the  thin  /iBN  interlayer  is  taken  into  account.  The 
influence  of  the  ftBN  layer  on  the  SAW  velocity  does  not 
exceed  2%  for  very  thin  cBN  films.  Two  thin  cBN  films 
were  chosen  for  this  study  and  their  thicknesses  were  care¬ 
fully  measured  (16  and  60  nm)  (see  Fig.  1). 

II.  experimental  TECHNIQUE 

A  detailed  description  of  the  Brillouin  scattering  experi¬ 
mental  setup  has  been  published  elsewhere.'^’'^  In  brief,  light 
from  an  argon  ion  laser  (X =514.5  nm  and  beam  power  of  60 
mW)  was  focused  onto  the  film  with  a  //5.6  lens  (/ 
=  50  mm).  The  scattered  light  was  collected  with  the  same 
lens  in  the  backscattering  geometry  and  analyzed  using  a 
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FIG.  1.  TEM  picture  of  sample  B  and  geometry  of  the  SBS  measurements. 


high  contrast  and  high  resolution  Brillouin  spectrometer, 
which  incorporated  a  tandem  six-pass  Fabry-Perot 
interferometer.^  The  light  was  detected  by  a  single  photon 
counting  module  and  its  output  was  stored  in  a  multichannel 
scaler  card  for  further  analysis.  Each  spectrum  was  accumu¬ 
lated  for  1-2  h.  The  frequencies  corresponding  to  each  of  the 
peaks  were  determined  by  a  curve-fitting  routine.  For  the 
180®  backscattering  geometry,  the  surface  acoustic  modes, 
which  cause  the  diffraction  of  the  incident  light,  have  a  wave 
vector  (Fig.  2)  given  by 


477  sin  <9 


^11  = 


X 


(1) 


where  X  is  the  wavelength  of  the  incident  laser  light,  is  the 
projection  on  the  surface  of  the  scattering  wave  vector,  and  0 
is  the  scattering  angle.  The  Doppler  frequency  shift  /  in  the 
light  scattering  is  related  to  the  surface  wave  velocity 
by 


X 

2  sin  0^' 


(2) 


III.  CBN  FILMS 

Two  cBN  thin  films  were  prepared  via  mass  selected  ion 
beam  deposition.  Details  of  the  deposition  process  can  be 
found  elsewhere.^"^  Briefly,  B"^  and  ions  are  produced  in 
a  plasma  ion  source.  After  acceleration  to  30  keV  and  mag¬ 
netic  mass  separation,  the  isotopically  pure  or  ^^B'^  ion 
beam  is  guided  into  the  deposition  chamber,  where  the  ions 
are  decelerated  down  to  an  energy  of  600  eV  and  deposited 
onto  Si  (100)  substrates  at  a  temperature  of  350  ®C.  These 


deposition  parameters  are  well  within  the  cBN  nucleation 
regime.^"^  The  pressure  during  deposition  was  below 
3X10“^  Pa,  and  prior  to  deposition  the  substrates  were 
sputter  cleaned  by  1  keV  Ar'^  ions.  The  amount  of  deposited 
ions  is  accurately  measured  by  the  ion  charge,  which  is  used 
to  switch  the  separation  magnet  periodically  to  select  ^^B"^  or 
During  each  cycle,  10^^  ions  with  an  ion  ratio  of 
B  +  /N^  =  1  were  deposited  to  ensure  the  growth  of  homoge¬ 
neous  and  stoichiometric  films. 

In  situ  Auger  electron  spectroscopy  measurements  indi¬ 
cate  contamination-free  and  stoichiometric  BN  films.  The 
formation  of  the  cubic  phase  was  verified  with  in  situ  elec¬ 
tron  energy  loss  spectroscopy  as  well  as  with  ex  situ  Fourier 
transform  infrared  spectroscopy.  The  thickness  as  well  as  the 
typical  nucleation  sequence  of  the  two  films  was  investigated 
by  transmission  electron  microscopy  (TEM).  As  shown  in 
the  TEM  image  of  sample  B  displayed  in  Fig,  1,  the  depos¬ 
ited  films  exhibit  a  layered  structure  consisting  of  a  very  thin 
disordered  Si-B-N  interface,  followed  by  a  layer  of  textured 
/zBN,  then  by  cBN.  The  obtained  data  are  summarized  in 
Table  I.  The  mass  density  of  the  films  was  derived  from 
Rutherford  backscattering  (RBS)  measurements  using  the 
film  thickness  as  the  input  parameter.  The  RBS  spectra  were 
analyzed  by  means  of  the  computer  code  NDF,^^  which  takes 
not  only  the  shift  of  the  Si  edge  into  account  but  also  the  B 
and  N  signals  for  the  calculation  of  the  area  density  and 
composition  of  the  films. 


TABLE  I.  Parameters  of  the  cBN  films. 


Deposition  conditions  TEM  results 


Sample 

E 

(eV) 

rfc) 

charge 

(ci 

/zBN 

(nm) 

cBN 

(nm) 

Total 

(nm) 

RBS 

10‘5 

(atoms/cm^) 

Density 

Film 

average 

(g/cm^) 

A 

600 

350 

0.176 

15(1) 

16(1) 

31(2) 

333(20) 

2.2(3) 

B 

600 

345 

0.487 

10(1) 

60(6) 

70(7) 

1204(50) 

3.5 

(+0,-0.4) 
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FIG.  3.  Two-dimensional  image  of  the  Brillouin  spectra  of  cBN  film  (400 
nm)  on  Si(OOl)  calculated  for  direction  [100],  using  experimentally  obtained 
elastic  moduli  fOT  cBN  (Ref.  20).  Vj  is  the  transverse-wave  threshold;  and 
Vpx  is  the  fast  transverse  threshold. 
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FIG.  4.  Two-dimensional  image  of  the  Brillouin  spectra  of  cBN  film  (200 
nm)  on  Si(001)  calculated  for  direction  [100],  using  experimentally  obtained 
elastic  moduli  for  cBN  (Ref.  20).  Notations  are  the  same  as  in  Fig.  3. 


IV.  THEORY 

At  room  temperature  and  above,  the  Brillouin  scattering 
efficiency  or  intensity  for  scattering  from  the  surface  of 
opaque  materials  by  dynamic  rippling  of  the  surface  can  be 
represented  as^^"^^ 

A 

lm[^33(k||,X3=-/j+,<o)],  (3) 

CO 

where  A  is  a  constant  and  depends  on  the  density  and  dielec¬ 
tric  constants  of  the  medium,  scattering  geometry,  and  inci¬ 
dent  photon  frequency  and  polarization,  and  co  is  the  angular 
frequency.  The  gs3  is  the  Fourier  coefficient  of  the  elastody- 
namic  Green’s  function^^ 

Too  Too 

^33(k||,X3=-/l2,w)=  d^X||G33(X||,a)) 

J  —00  J  —00 

Xexp(-/k,|X||)X||)  (4) 

pertaining  to  a  force  and  response  normal  to  the  surface. 
Derivation  of  the  elastodynamic  Green’s  function  ^33  for  a 
two  layered  system  is  presented  in  the  Appendix.  Briefly,  the 
cBN/ABN  layered  system  on  Si  is  considered  to  be  an  an¬ 
isotropic  elastic  continuum  (Si)  of  density  p  and  elastic 
modulus  tensor  Cy  occupying  the  halfspace  X3>0  and  two 
layers;  ftBN  and  cBN  (see  Fig.  2).  The  ABN  interlayer  oc¬ 
cupies  the  region  -h~<X3<0  (Fig.  2),  and  the  cBN  layer 
occupies  the  region  —h'^<x-i<  —  h~.  For  the  upper  layer, 
we  denote  the  elastic  tensor  as  Cy ,  and  density  as  p'*'  and 
for  the  interlayer  as  Cy  and  density  as  p“.  A  detailed  de¬ 
scription  of  how  g33  is  calculated  for  a  one-layer  anisotropic 
medium  is  given  in  Refs.  18  and  19. 

V.  RESULTS  AND  DISCUSSION 

The  two  images  in  Figs.  3  and  4  show  the  variation  of 
the  Brillouin  spectra  with  6  for  two  cBN  films  of  different 
thicknesses  (200  and  400  nm).  They  were  calculated  by  the 
Green’s  function  method  mentioned  above.  The  brightness  in 


the  gray  scale  is  a  measure  of  the  scattering  intensity  which 
is  related  to  the  displacement  amplitude  of  these  modes  at 
the  surface  or  at  the  interface.  Thus,  the  intensity  is  indica¬ 
tive  of  the  mode  displacement  patterns  in  the  layer.  The  elas¬ 
tic  constants  of  the  cBN  film  were  taken  from  ultrasonic 
study  of  bulk  polyaystalline  cBN.^“  Brillouin  spectra  calcu¬ 
lated  for  400  nm  cBN  film  on  Si  (001)  with  scattering  taking 
place  at  the  surface  is  shown  in  Fig.  3.  For  6=0  [fciiAj 
=jfeiiA2=0,  see  Eq.  (1)],  the  velocity  corresponds  to  the  SAW 
velocity  on  the  Si  substrate.  Basic  features  of  the  SBS  spec¬ 
tra  of  Si  have  been  described  elsewhere.**  'The  calculated 
Brillouin  spectrum  for  Si  (Fig.  5)  displays  a  sharp  peak, 
which  is  associated  with  the  Rayleigh  SAW,  and  a  continuum 
extending  from  the  transverse-wave  threshold  Vf  (5.648 
km/s)  to  higher  frequencies,  which  is  known  as  the  Lamb 
shoulder.**  There  are  also  two  minima  at  the  Lamb 
shoulder.**  One  is  at  the  fast  transverse  (FT)  threshold  Fpr 
(5.844  km/s),  and  another  is  near  the  longitudinal  threshold 
(8.344  km/s). 


FIG.  5.  Brillouin  spectrum  of  Si(001)  calculated  for  [100]  direction  at  angle 
(?=0°. 
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HG.  6.  Theoretical  SAW  dispersion  curves  fca:  cBN  film  on  Si(OOl)  calcu¬ 
lated  for  [100]  direction  for  three  different  thicknesses,  with  10  nm  /iBN 
interlayer  (lower  curves,  circles)  and  without  /tBN  interlayer  (upper  curves, 
triangles). 


FIG.  8.  Theoretical  SAW  dispersion  curve  for  cBN  film 
(60  nmcBN/10  nm/iBN)  on  Si(OOl)  calculated  for  the  [100]  direction,  and 
compared  with  experimental  data  (triangles). 


Referring  to  Fig.  3,  with  increasing  6,  the  SAW  velocity 
approaches  the  bulk  wave  threshold  Vf  (transverse-wave 
threshold),  which  is  reached  at  Below  Vj  the  Bril- 

louin  spectrum  displays  a  sharp  peak,  which  is  associated 
with  the  true  surface  waves.  At  Vt,  the  SAW  degenerates 
with  the  bulk  continuum;  beyond  cutoff  there  is  no  true 
SAW.  Somewhat  above  Vft»  Brillouin  spectrum  displays 
a  broad  peak  that  gradually  disappears.  This  peak  is  associ¬ 
ated  with  leaky  or  PSAW.^  As  6  or  kh  increases,  the  PSAW  is 
transferred  into  the  leaky  interface  wave.^’^^  In  the  same 
spectral  region,  another  broad  peak  appears,  which  with  in¬ 
creasing  d  becomes  narrower  as  the  associated  mode  tends 
toward  the  Rayleigh  mode  of  cBN.  For  very  large  6  this 
becomes  the  true  nondispersive  Rayleigh  wave.  It  is  obvious 
from  Fig.  3  that  for  the  400  nm  cBN  films  it  is  difficult  to 
measure  the  SAW,  since  in  the  range  of  20<  6  70°,  the  spec¬ 
trum  contains  only  highly  attenuated  PSAW.  Dispersion 
curves  for  the  films  thicker  than  400  nm,  measured  by  SBS, 
should  contain  only  Rayleigh  SAW  in  cBN  films.  Brillouin 
spectra  calculated  for  200  nm  cBN  film  on  Si  (001)  are 
shown  in  Fig.  4.  For  200  nm  cBN  film  the  part  of  the  dis¬ 
persion  curve  containing  only  PSAW  can  be  detected  by  SBS 
(20° -70°).  The  Rayleigh  surface  wave  propagating  only  in- 


FIG.  7.  Experimental  Brillouin  spectrum  of  cBN/Si  film  for  the  angle  of 
70°. 


side  the  cBN  layer  (upper  brunch  in  Fig.  3)  is  not  visible  by 
SBS.  A  brunch  of  true  SAW  (nonattenuating  SAW)  running 
below  shear  cutoff  can  be  measured  by  SBS  only  in  films 
thinner  than  200  nm. 

The  SAW  velocities  reported  in  Ref.  11  for  123  and  277 
nm  cBN  films  appeared  to  be  lower  than  expected  in  cBN 
films  having  elastic  moduli  of  bulk  cBN.  The  softening  of 
the  SAW  was  attributed  by  these  authors  to  the  presence  of  a 
soft  hBN  interlayer.  Since  SAW  propagation  in  the  system 
cBN/ABN/Si  has  not  yet  been  modeled  theoretically,  it  is  of 
interest  to  consider  the  effect  of  the  hBN  interlayer  on  the 
behavior  of  the  SAW  dispersion  curve.  Results  of  the  simu¬ 
lations  are  presented  in  Fig.  6.  It  can  be  seen  that  the  influ¬ 
ence  on  the  dispersion  curve  of  the  hBN  interlayer  is  not 
significant.  For  16  and  60  nm  cBN  layers,  the  hBN  interlayer 
decreases  the  SAW  velocity  by  only  2%,  which  is  just  above 
the  accuracy  of  the  SBS  measurements.  As  the  thickness  of 
the  cBN  layer  increases,  the  influence  of  the  10  nm  hBN 
interlayer  becomes  negligible.  For  120  nm  cBN  film,  it  is 
smaller  than  the  SBS  accuracy  measurements  (1%)^ 


FIG.  9.  Theoretical  SAW  dispersion  curve  for  cBN  film 
(16nmcBN/15nm/rBN)  on  Si(OOl)  calculated  for  [100]  direction,  and 
compared  with  experimental  data  (triangles). 


/  4200  J.  Appl.  Phys.,  Vol.  91,  No.  7,  1  April  2002 


Zinin  et  al 


TABLE  II.  Velocities  and  moduli  of  cBN,  ft  BN,  and  Si. 


Materials 

Density 

(kgW) 

C,1 

(GPa) 

Cn 

C44 

6^13 

C33 

ft  BN  hexagonal* 

2230” 

750 

150 

1.54 

12.5 

17.7 

ftBN  hexagonal" 

2140 

65 

53 

7 

92 

ftBN  hexagonal'‘ 

2270 

44±2 

... 

35±4 

50 

293±29 

ftBN  hexagonal" 

2270 

38±2 

55±6 

8 

392±39 

cBN  polycrystalline^ 

3500 

875.73 

377.69 

cBN  polycrystalline® 

3300 

941 

401 

cBN  isotropic‘‘ 

3300 

(525) 

226 

cBN  isotropic^ 

594 

266 

cBN  cubic* 

3480 

820 

190 

480 

60  nm  cBN/10  nm  ftBN 

3500 

875 

344 

16  nm  cBN/i5  nm  ftBN 

3500 

875 

... 

434 

Si  cubic‘s 

2339 

165.7 

63.9 

79.6 

‘Reference  25. 

^Reference  26. 

"Film  21, 

^^rf  sputtered  film  11. 

*dc  sputtered  film  11. 

^Reference  20. 

^oigt-Reuss-Hill  Average  (Reference  11). 
‘‘Film  (Reference  11). 

Tilm  Reference  10), 

^Reference  27. 

‘^Reference  28. 


An  experimental  SBS  spectrum  taken  for  the  60  nm 
thick  film  is  shown  in  Fig.  7.  Peaks  associated  with  the  SAW 
are  quite  strong.  Results  of  measurements  for  the  60  nm 
thick  film  are  depicted  by  normal  triangles  and  for  the  16  nm 
film  by  inverted  triangles  in  Figs.  8  and  9  as  a  function  of  the 
angle.  Theoretical  Brillouin  spectra  have  been  calculated  on 
the  basis  of  the  ripple  mechanism  for  scattering  at  the  surface 
[Eq.  (3)].  The  dispersion  curves  in  Figs.  8  and  9  represent  the 
traces  of  the  maxima  of  the  calculated  Brillouin  intensity  for 
the  surface  of  the  measured  Brillouin  intensity.  The  assumed 
elastic  properties  of  the  ABN  layer  were  based  on  the  re¬ 
ported  SBS  determined  values^^  (see  Table  II).  As  can  be 
seen  from  Table  II,  experimentally  obtained  elastic  moduli  of 
the  ABN  films  vary  considerably  even  if  they  have  been  ob¬ 
tained  by  the  same  method  (SBS)  and  in  the  same  research 
group.^^’^^  However,  for  our  simulation  it  is  of  importance 
that  the  set  of  the  elastic  constants  chosen  does  describe  the 
behavior  of  the  SAW  dispersion  curve  of  ABN  film.  More¬ 
over,  for  transversely  isotropic  films  the  shape  of  the  SAW 
dispersion  curve  is  determined  mostly  by  €44,^^  which  does 
not  vary  for  the  measured  ABN  film  in  Table  II. 

The  theoretical  dispersion  curve  and  experimental  data 
obtained  for  60  nm  cBN  layer  sample  are  shown  in  Fig.  8. 
For  this  case  only  the  lower  part  of  the  experimental  points 
can  be  attributed  to  true  SAW.  The  upper  points  belong  to 
PSAW.  The  theoretical  dispersion  curve,  based  on  the  elastic 
constants  reported  in  Ref.  20,  is  in  good  agreement  with 
experimental  data.  To  find  the  best  fit  of  the  experimental 
data,  both  Cn  and  C44  are  varied,  assuming  that  the  density 
of  cBN  film  is  3.5  gfcm^.  The  error  sum  of  squares  (ESS) 
over  all  number  of  experiments 

nexp 

ESS=S  (5) 

i=  1 


is  minimized  with  respect  to  the  variation  of  the  elastic  con¬ 
stants  of  the  layered  solid.  In  Eq.  (4)  are  measured 
values  of  the  SAW  velocity  and  1^^  corresponding 

theoretical  values.  Behavior  of  the  minimum  of  ESS  as  a 
function  of  Cn  is  presented  in  Fig.  10(a)  for  60  nm  cBN 
film.  The  minimum  of  ESS  decays  rapidly  as  increases 
to  730  GPa;  for  Cn>730  GPa,  ESS  is  practically  indepen¬ 
dent  of  Cn .  The  sharp  rise  of  the  ESS  below  730  GPa  indi¬ 
cates  the  lower  boundary  of  the  Cn  of  the  cBN  film.  The 
position  of  the  ESS  minima  as  a  function  of  moduli  Cn  and 
C44  is  presented  in  Fig.  10(b).  Figure  10(b)  provides  us  with 
the  possible  range  of  C44.  As  Cn  varies  from  700  to  IKX) 
GPa,  C44  varies  from  300  to  420  GPa.  Since  ESS  is  practi¬ 
cally  independent  of  Cn,  we  assume  the  value  Cn  equal  to 
those  measured  experimentally  for  polycrystalline  cBN:^^ 
Cn  =  875GPa.  With  fixed  Cii==875GPa,  ESS  reaches  its 
minimum  at  C44=344GPa,  which  is  only  9%  lower  than 
C44=378  GPa  measured  by  an  ultrasonic  experiment.^®  With 
confidence  of  0.9,  the  range  of  C44  variation  is  from  310  to 
372  GPa.  Therefore,  the  upper  boundary  of  the  interval  is  in 
agreement  with  the  value  obtained  in  ultrasonic  experiments, 
and  the  lower  limit  of  the  interval  is  only  18%  lower  than  the 
experimental  value.  Obviously,  the  values  of  the  C44  of  films 
deposited  by  the  ion  deposition  technique  are  higher  that 
those  measured  in  the  films  deposited  by  rf  sputtering  at  low 
temperature  (around  350  K),  C44=266  GPa,  and  in  the  cBN 
film  deposited  in  a  hollow  cathode  arc  evaporation  device,^^ 
C44=226  GPa. 

Deriving  elastic  constants  from  experimental  data  for  16 
nm  cBN  film  is  more  difficult  because  velocity  of  the  SAW 
is  practically  independent  of  the  angle  (see  Fig.  9).  In  the 
case  of  16  nm  cBN  film,  the  SAW  branch  can  be  attributed 
to  the  true  surface  waves  for  all  angles  of  incidence,  and  their 
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FIG.  10.  Fitting  of  the  experimental  data  (60  nm  cBN/10  nm  ABN)  film: 
(a)  ESS  as  a  function  of  C44 ;  (b)  behavior  of  the  ESS  minima  as  a  function 
of  Cii  and  C44. 


velocities  are  below  shear  cutoff  (see  also  Fig.  3).  Behavior 
of  the  minima  of  ESS  as  a  function  of  Cn  and  behavior  of 
the  ESS  minima  as  a  function  of  moduli  Cu  and  C44  are 
presented  in  Fig.  11  for  16  nm  cBN  film.  It  is  interesting  to 
note  that  when  C44  varies  from  400  to  620  GPa,  Cu  in¬ 
creases  from  700  to  1300  GPa  [Fig.  11(b)].  As  in  the  case  of 
60  nm  cBN  film,  we  assume  that  Cu  of  16  nm  cBN  film 
equals  875  GPa.  For  a  chosen  value  of  Cu ,  the  best  fit  of  the 
experimental  data  gives  443  GPa  for  C44,  which  is  higher 
than  the  C44  of  poly  crystalline  cBN,  378  or  401  GPa  (see 
Table  II).  However,  because  of  the  weak  dependence  of  the 
SAW  dispersion  curve  on  the  angle  of  the  light  incidence,  we 
could  not  regard  the  16  nm  film  as  stronger  than  polycrys¬ 
talline  bulk  cBN.  With  confidence  of  0.9,  the  variation  of  the 
C44  is  rather  large:  from  272  to  591  GPa,  which  is  still  higher 
than  that  obtained  in  Refs.  10  and  11.  Even  though  the  dif¬ 
ference  in  elastic  constants  obtained  from  ion  deposition  and 
other  deposition  techniques^^’^^  is  not  high,  the  difference 
between  experimental  results  and  theoretical  prediction  is  re¬ 
ally  evident.  Experimental  points  in  Fig.  12  are  taken  from 
Ref,  11,  and  the  dispersion  curve  was  calculated  with  elastic 
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FIG.  11.  Fitting  of  the  experimental  data  for  (16  nm  cBN/15  nm  ABN)  film: 
(a)  ESS  as  a  function  of  C44  ;  (b)  behavior  of  the  ESS  minima  as  a  function 
of  Cii  and  C44 . 


FIG.  12.  Theoretical  SAW  dispersion  of  500  nm  cBN  film  on  Si(lll)  cal¬ 
culated  for  direction  [  1 11  ]  (a);  and  experimental  data  (Ref.  11)  for  277  nm 
cBN  film  (b);  and  123  nm  cBN  film  (c). 
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constants  taken  from  Ref.  20.  Since  for  cBN  films  the  effect 
of  the  ftBN  interlayer  is  small,  the  /iBN  layer  was  not  taken 
into  account  in  the  simulation  presented  in  Fig.  12.  As  it  can 
be  seen,  experimental  data  and  theoretical  curve  do  not  show 
good  agreement,  and  are  a  contrast  with  the  present  results 
(see  Figs.  8  and  9). 

One  can  conclude  that  the  cBN  films  deposited  by  the 
ion  deposition  method  are  not  softer  than  the  polycrystalline 
bulk  cBN.  This  conclusion  contradicts  the  results  obtained  in 
Refs.  10  and  11  and  can  be  attributed  to  the  different  depo¬ 
sition  methods. 

VI.  CONCLUSIONS 

A  dispersion  curve  of  SAWs  on  cBN  film  on  Si  (100) 
has  been  obtained  by  SBS. 

Incorporating  the  hBN  interlayer  into  the  model  of  the 
SBS  response  and  precise  thickness  measurement  of  the  cBN 
layer  and  ABN  interlayer  fully  describes  the  behavior  of  the 
SAW  dispersion  in  deposited  cBN  layered  systems. 

The  elastic  properties  of  the  cBN  films  are  not  softer 
than  those  of  bulk  cBN. 

The  SBS  technique  is  of  potential  value  in  interpreting 
the  elasticity  of  ABN/cBN  layered  films. 
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APPENDIX 

To  derive  the  elastodynamic  Green’s  function  ^33  Eq. 
(A6)  for  two-layers  system  we  will  follow  approach  de¬ 
scribed  for  the  one  layer  system.^^’^®  For  a  concentrated  point 
force  acting  at  the  top  surface  (¥j{x^)=¥jS{x[)S(x2)S{x^ 
=  S{x)  is  the  delta  function)  we  have^^’^ 

u i(x,| , X3  =  A  ,  n>)  =  Gi/x,|  ,X3  =  -  A  ,  (u)  Fy ,  (Al) 

where  Gij  is  the  is  called  the  surface  Green’s  function.  The 
Fourier  coefficient  of  the  surface  Green’s  function  ^33  is  de¬ 
fined  as  a  double  Fourier  integral^^’^^  of  the  surface  Green’s 
function  G33  in  the  variables  Xj  and  X2 

=  d\Gijix^^,Xi=-h^  ,w) 

Xexp(-ik||X||), 

1  f-“ 

=  d\  ,i33(k|i  ,X3=  -  w)exp(ik|,X||), 

(A2) 

here  X||=(xi,X2)  and  k||=(A:i  ,^2)-  For  calculation  of  the 
Brillouin  spectrum  we  need  only  the  normal  to  the  surface 
component  of  the  external  force  F=(0,0,F).  Following 
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Every,^^  let  us  consider  the  response  of  the  system  to  external 
harmonic  force  applied  at  the  layer’s  upper  surface 

(r33(X||,X3  =  -A'^,(w)  =  -F5(X||),  (A3) 

where  5(X|i)  is  the  two  dimensional  delta  function.  Taking 
into  account  the  definition  of  the  delta  function,  we  can  re¬ 
write  Eq.  (A3)  as  an  inverse  Fourier  transform 

p  r  -00 

Xexp(ik||X||).  (A4) 

Equation  (A4)  provides  one  of  boundary  conditions.  For  the 
force  acting  tangent  on  the  surface,  two  other  boundary  con¬ 
ditions  have  the  form 

o-j^3(X||,X3  =  -A'^,<u)  =  0,1=1,2.  (A5) 

To  find  the  response  of  the  system  to  the  force  F  we  seek  the 
solution  of  the  equations  of  motion  in  the  form  of  a  super¬ 
position  of  outgoing  plane  waves  whose  amplitudes  are  pro¬ 
portional  to  F.  In  the  top  layer  (-(-)  the  solution  is  given  by 

“*<=<■“>-(2^  If 

Xexp(ik||X||+A:^"^X3),  (A6) 

in  the  interlayer  solution  has  the  form 

Xexp(ik||X||-t-A3"^X3),  (A7) 

and,  finally,  in  the  substrate 

Xexp(ik||X||  +  fc^"^X3).  (A8) 

For  each  value  of  ku  and  (o,  coefficients  in  Eqs.  (A6)- 
(A8)  are  the  15  unknown  constants  for  plane  wave  decom¬ 
position.  The  third  component  A3  of  k  and  the  polarization 
vector  Ui  are  related  by  the  Christoffel  equations 

{Cijkikjki-p(o^Si,,)Uk=0,  (A9) 

where  are  roots  of  the  characteristic  sextic  equation,  and 
%  is  the  Kronecker  delta  symbol 

ft(k,  w)  =  1  Cijkikjki  -  p  (w^  5ijtl = 0.  (AlO) 

Generally  Eq.  (AlO)  yields  six  solutions.  In  the  layer  all  six 
partial  waves  must  be  taken  into  accotmt.  For  a  substrate 
only  these  solutions  that  correspond  to  outgoing  waves  are 
chosen.  Those  waves  should  be  chosen  that  are  either  homo¬ 
geneous  (bulk)  waves  (k^"^  real)  with  ray  or  group  velocity 
vectors  V=Vka)(k),  directed  into  the  interior  (X3>0),  or 
inhomogeneous  (evanescent)  waves  (^3"^  complex  or  pure 
imaginary)  which  decay  into  the  interior  (Im(A^"')>0).  The 
calculation  of  the  roots  of  Eq.  (AlO)  can  be  simplified  by 
first  rotating  the  crystal  to  the  coordinate  frame,  where  the 
surface  of  the  sample  defines  the  XjX2  plane,  and  the  propa- 
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gation  direction  is  always  along  X\ .  Then,  the  determinant 
Eq.  (AlO)  describes  a  sixth  order  polynomial  in  with  a> 
and  k'i  as  parameters.  For  monoclinic  symmetry,  the  implicit 
form  of  the  coefficients  in  Eq,  (AlO)  is  given  by  Nayfeh.^^ 
For  triclinic  symmetry,  the  implicit  form  of  the  polynomial 
equation  (AlO)  can  be  found  elsewhere.^^ 

From  the  stress-strain  relationship, 
-CijpqdUpIdXq,  and  Eq.  (A6)  it  follows  that  the  surface 
tensions  are  given  by 


G33(X||,X3=-/!'^,ft)) 


(2  Try 


■L 


d^kii 


2 

n  =  l  W 


Xexpi-ik^^h'*') 


exp(ik||X||). 


(A20) 


Comparing  Eq.  (A20)  with  Eq.  (A2)  we  finally,  obtain  the 
surface  Green’s  function 


AWB^">exp(/k,|X||),  (All) 

where  matrix  has  been  introduced  as  in^** 
exp(- 

n=  1,2, 3, 4, 5, 6,  /=  1,2,3.  (A12) 

Now  boundary  conditions  (A3)  and  (A5)  can  be  written  as  a 
set  of  three  linear  equations  for  the  partial  wave  amplitudes 

am 


X  ^^"^(">=1— ,  /=1,2,3.  (A13) 

H  =  1  ^ 

Index  I  in  Eq.  (A13)  denotes  the  number  of  the  equation  in 
the  linear  system  of  15  equations.  Another  three  equations 
for  the  amplitude  arise  from  the  continuity  of  stress  at  the 
interface  between  upper  layer  and  interlayer 

(7-t3(X||  ,X3=-h~ ,(!))-  ,X3  =  -  a  “ ,  w)  =  0,  (A14) 

where  crj'^  and  denote  tensions  calculated  in  the  upper 
layer  and  the  interlayer,  respectively.  Stress  must  be  continu¬ 
ous  at  the  interface  between  interlayer  and  substrate 

^•^(xii  ,X3 = 0,  w)  -  a-,-3(X||  ,X3 = 0,(u) = 0.  (A15) 

Finally  there  are  three  equations  for  the  partial  wave  ampli¬ 
tudes  arising  from  continuity  of  the  displacement  field  at  the 
interfaces.  At  the  upper  layer/interlayer  interface 

(X||  ,X3  =  -  A  " ,  w)  -  uj  (X||  ,X3  =  -  A“ ,  ft))  =  0.  (Al  6) 

The  continuity  of  the  displacement  field  at  the  interlayer/ 
substrate  interfaces  gives  the  last  three  equations 

uy  (X||  ,X3 = 0,ft))  -  m/X||  ,X3 =0,ft)) = 0.  (A17) 

Combining  Eqs.  (A13)-(A17)  we  come  to  the  system  of  15 
linear  equation  with  15  unknown  and  a  left  side  vector  Y 


(A18) 


where  Ti  =  0,  if  /#3,  and  T/=l,  1=3.  The  solution  of  Eq. 
(A18)  takes  the  form 


(O  (O 


adj(B)^"^ 
det|B|  ’ 


(A19) 


adj  denoting  matrix  adjoint.  From  Eqs.  (Al),  (A2),  and 
(A19)  it  follows 


g33(k,|.X3=-A  +  ,ft,)=^E 

at  rt  =  \ 

Xexp(-ifc^")A+).  (A21) 


^W.  Kulisch,  Deposition  of  Diamond-Like  Superhard  Materials  (Springer, 
Berlin,  1999). 

^P.  B,  Mirkarimi,  K.  F.  McCarty,  and  D.  L.  Medlin,  Mater.  Sci.  Eng.,  R.  21, 
47  (1997). 

^  J.  IL  Sandercock,  in  Light  Scattering  in  Solids  III  Recent  Results,  edited 
by  G.  Guntherodt  (Springer,  Berlin,  1982),  Vol.  51,  pp.  173-206. 

Mutti,  C.  E.  Bottani,  G.  Ghislotti,  M.  Beghi,  G.  A.  D.  Briggs,  and  J.  R. 
Sandercock,  in  Advanced  in  Acoustic  Microscopy,  edited  by  A.  Briggs 
(Plenum,  New  York,  1995),  Vol.  I,  pp,  249-300. 

^O.  Lefeuvre,  P.  Zinin,  G.  A.  D.  Briggs,  and  A.  Every,  Appl.  Phys.  Lett.  72, 
856  (1998). 

^O.  Lefeuvre,  P.  Zinin,  and  G.  A.  D.  Briggs,  Ultrasonics  36,  229  (1998). 
^O.  Lefeuvre,  W.  Pang,  P.  Zinin,  J,  D.  Comins,  A.  G.  Every,  G.  A.  D. 
Briggs,  B.  D.  Zeller,  and  G.  E.  Thompson,  Thin  Solid  Films  342,  1  (1999). 
*  W.  Pang,  A.  G.  Every,  J.  D.  Comins,  P.  R.  Stoddart,  and  X.  Zhang,  J.  Appl. 
Phys.  86,  311  (1999). 

®M.  H.  Manghnani,  X.  Zhang,  S.  Tkachev,  P.  Zinin,  H.  Feldermann,  C. 
Ronning,  H.  Hofsass,  and  A.  G.  Every,  in  Nondestructive  Characterization 
of  Materials  IK,  edited  by  R.  E.  Green  (American  Institute  of  Physics, 
New  York,  1999),  pp.  315-320. 

^°R.  Pastorelli,  P.  M.  Ossi,  C.  E.  Bottani,  R.  Checchetto,  and  A.  Miotello, 
Appl.  Phys.  Lett  77,  2168  (2000). 

^‘T,  Wittkowski,  P.  Cortina,  J.  Jorzick,  K.  Jung,  and  B.  Hillebrands,  Dia< 
mond  Relat.  Mater.  9,  1957  (2000). 

‘^V.  Askarpour,  M.  H.  Manghnani,  S.  Fassbender,  and  A.  Yoneda,  Phys, 
Chem.  Miner.  19,  511  (1993). 

^^P.  Zinin,  M.  H.  Manghnani,  S,  Tkachev,  V.  Askarpour,  O.  Lefeuvre,  and  A. 
Every,  Phys.  Rev.  B  60,  2844  (1999). 

Hofsass,  H,  Feldermann,  M.  Sebastian,  and  C.  Ronning,  Phys.  Rev.  B 
55,  13230  (1997). 

^^N.  P.  Barradas,  C.  Jeynes,  and  R.  P,  Webb,  Appl.  Phys.  Lett.  71,  291 
(1997). 

^^R.  Loudon,  Phys.  Rev.  Lett.  40,  581  (1978). 

^^A.  G.  Every,  W.  Pang,  J.  D.  Comins,  and  P.  R.  Stoddart,  Ultrasonics  36, 
223  (1998). 

Zhang,  J.  D.  Comins,  A.  G.  Every,  P.  R.  Stoddart,  W.  Pang,  and  T.  E. 
Derry,  Phys.  Rev.  B  58,  13677  (1998). 

J.  D.  Comins,  in  Handbook  of  Elastic  Properties  of  Solids,  liquids,  and 
Gases,  edited  by  M.  Levy,  H.  Bass,  R.  Stem,  and  V.  Keppens  (Academic, 
New  York,  2000),  Vol.  I,  pp.  349-378. 

^®M.  H.  Manghnani,  in  The  5th  NIRIM  International  Symposium  on  Ad¬ 
vances  Materials  (ISAM'  98)  (National  Institute  For  Research  in  Inorganic 
Materials,  Chicherster,  1998),  pp.  73-78. 

^^T.  Wittkowski,  J.  Joizick,  K.  Jung,  and  B.  Hillebrands,  Thin  Solid  Films 
353,  137  (1999). 

^^P.  Zinin,  O.  Lefeuvre,  A.  Briggs,  B.  D.  Zeller,  P.  Cawley,  A.  Kinloch,  X. 

Zhou,  and  G.  Thompson,  J.  Acoust.  Soc.  Am.  106,  2560  (1999). 

^^P.  V.  Zinin,  in  Handbook  of  Elastic  Properties  of  Solids,  Liquids,  and 
Gases,  edited  by  M.  Levy,  H.  Bass,  R.  Stern,  and  V.  Keppens  (Academic, 
New  York,  2001),  Vol.  I,  pp.  187-226. 

^"^N.  R.  Draper  and  H.  Smith,  Applied  Regression  Analysis  (Wiley,  New 
York,  1966). 


/  4204 


J.  AppL  Phys.,  Vol.  91,  No.  7,  1  April  2002 


Zinin  etal 


R  Cardinale,  D.  L.  Medlin,  P.  B,  Mirkarimi,  K.  R  McCarty,  and  D.  G. 
Howitt,  J.  Vac.  Sci.  Technol.  A  15.  196  (1997). 

Duclaux,  B,  Nysten,  J.-P.  Issi,  and  A.  W.  Moore,  Phys.  Rev.  B  46,  3362 
(1992). 

^M.  Grimsditch,  E.  S.  Zouboulis,  and  A.  Polian,  J.  Appl  Phys.  76,  832 
(1994). 

^G.  W.  Famell,  in  Physical  Acoustics,  edited  by  R.  N.  Thurston  (Academic, 
New  York,  1970),  pp.  109-166. 

^A.  G.  Every  (unpublished,  1996). 


^®A.  G.  Every,  in  Handbook  of  Elastic  Properties  of  Solids,  Liquids,  and 
Gases,  edited  by  M  Levy,  H.  Bass,  R.  Stem,  and  V.  Keppens  (Academic, 
New  York,  2000),  Vol.  I,  pp.  3-36. 

^^E.  H.  E.  Boudouti,  B.  Djafari-Rouhani,  and  A.  Akjouj,  Phys.  Rev.  B  55, 
4442  (1997). 

^^M.  G.  Cottam  and  A.  A.  Maradudin,  in  Surface  Excitations,  edited  by  R. 
Loudon  (Elsevier  Science,  London,  1984),  pp.  5-193. 

A.  H.  Nayfeh,  J.  Acoust,  Soc.  Am.  89,  1521  (1991). 

Skiar,  Quantitative  Acoustic  Microscopy  of  Coated  Materiab  (Univer¬ 
sity  of  Oxford  Press,  Oxford,  1993). 


PHYSICAL  REVIEW  B  68,  052104  (2003) 

Elastic  moduli  of  the  superhard  cubic  BC2N  phase  by  Brillouin  scattering 

S.  N.  Tkachev 

School  of  Ocean  and  Earth  Science  and  Technology,  University  of  Hawaii,  Honolulu,  Hawaii  96822,  USA 

V.  L.  Solozhenko 

Institute  for  Superhard  Materials  of  the  National  Academy  of  Sciences  of  Ukraine,  Kiev  04074,  Ukraine 

R  V.  Zinin,  M.  H.  Manghnani,  and  L.  C.  Ming* 

School  of  Ocean  and  Earth  Science  and  Technology,  University  of  Hawaii,  Honolulu,  Hawaii  96822,  USA 
(Received  18  April  2003;  published  29  August  2003) 

Brillouin  scattering  measurements  on  the  neinocrystalline  cubic  phase  of  BC2N,  the  hardest  known  solid 
after  diamond,  have  been  successfully  performed  using  the  “emulated”  platelet  scattering  geometry.  We  were 
able  to  measure  both  longitudinal  (Vp)  and  shear  (V,)  velocities  independent  of  refractive  index,  and  thus 
obtained  values  of  13.09±0.22  and  8.41±0.14km/s,  respectively.  Using  these  values,  we  calculated  the  bulk 
and  the  shear  moduli  as  259 ±22  and  238±8  GPa,  respectively. 

DOI:  10.1103/PhysRevB.68.052104  PACS  number(s):  78.35.+C,  78.20.Ci,  62.20.-x 


Following  the  successful  synthesis  of  the  superhard  phase 
of  cubic  nanocrystalline  BC2N  (c-BCftT)  both  in  a 
diamond-anvil  cell  and  in  a  large-volume  press,^  it  became 
possible  to  characterize  its  mechanical  properties  by  micro- 
indentation  and  nanoindentation.^""^  The  Vickers  hardness  of 
76  GPa  measured  for  nanocrystalline  C-BC2N  has  been 
found  to  lie  between  115  GPa  (Refs.  5,  6)  for  the  (111)  face 
of  a  single-crystal  diamond  and  62  GPa  for  the  (111)  face  of 
a  single-crystal  cubic  boron  nitride  (c-BN).^”'^  Based  on  the 
nanohardness  measurements,  the  value  of  the  shear  modulus 
of  the  C-BC2N  was  predicted  to  be  447 ±  18,^  which  is  even 
higher  than  that  of  diamond.  The  bulk  modulus  derived  ear¬ 
lier  from  the  x-ray  diffraction  data  was  as  low  as  280  GPa.^ 
These  results  appear  to  differ  from  recent  theoretical 
simulations,^’*  which  show  that  the  phases  of  the  cubic 
BC2N  with  high  shear  moduli,  without  exception,  have  very 
high  bulk  moduli.  Despite  several  reports  on  the  synthesis  of 
diamondlike  phases  in  the  B-C-N  system,  no  experimental 
data  on  the  elastic  properties  of  these  new  phases  are 
available.^"^^  In  this  p^er,  we  report  on  experimental  data 
on  the  elastic  moduli  of  nanocrystalline  bulk  C-BC2N  ob¬ 
tained  by  Brillouin  spectroscopy. 

The  sample  used  in  this  study  is  the  same  one  used  for 
hardness  and  refractive  index  measurements,  a  nanocrystal¬ 
line  sample  of  c-BC2N.^’^^'^  It  was  synthesized^  by  direct 
conversion  of  graphitelike  (BN)o,48Co.52  solid  solution  at  25 
GPa  and  2100  K  using  a  large-volume  multianvil  system  and 
Sumitomo  1200-ton  press  at  the  Bayerisches  Geolnstitut. 
One  side  of  the  recovered  C-BC2N  san^le  (1.1  mm  in  diam¬ 
eter  and  0.9  mm  thick  disk)  was  polished  by  a  cast  iron 
scaife  and  15-  to  2-/rm  diamond  grit,  and  finished  with 
0.5-/tm  diamond  paste.  The  polishing  of  the  specimen  re¬ 
duced  sample  size  to  approximately  0.3  mm  depth  from  the 
exposed  surface  to  the  bottom  of  encc^sulated  surface.  The 
transmission  electron  microscopy  (TEM)  of  the  sample"^’^^ 
shows  that  the  grain  size  ranges  from  10  to  30  nm  with  a 
narrow  size  distribution. 

The  presence  of  microcracks  (inclined  at  10° “-15°  to  the 
polished  plane),  visible  both  at  the  surface  and  within  the 


encapsulated  sample,  yielded  some  artifacts  in  the  Brillouin 
spectra.  To  overcome  such  a  problem,  the  formerly  open  side 
of  the  sample  was  attached  to  a  reflective  mirror  by  epoxy 
and  the  sample  was  thinned  from  ^300  down  to  ^  90  ptra  by 
polishing  the  enc^sulated  side.  At  the  end  of  this  process, 
several  areas,  ranging  from  50  to  100  fim  in  size,  appeared  to 
be  especially  well  cleared  of  microcracks  and,  thus,  were 
chosen  to  emulate  the  platelet  scattering  configuration.  In 
this  specific  assemblage  the  laser  beam  reflected  from  the 
mirror  serves  as  incident  light  for  giving  rise  to  a  signal 
scattered  in  platelet  geometry.^^'^*  The  frequency  shift  A/ 
thus  obtained  is  related  to  the  bulk  sound  velocity  V  as 


where  6  is  the  angle  between  the  incident  wave  vector  and 
normal  to  the  sample  surface,  and  X  is  the  wavelength  of  the 
incident  light.  The  advantage  of  the  “emulated”  geometry 
enables  measurements  of  the  longitudinal  (V^)  and  trans¬ 
verse  (Vj)  velocities  independent  of  refractive  index  n. 
Moreover,  mounting  the  sample  with  only  one  side  exposed 
has  significantly  reduced  the  risk  of  disintegrating  the  brittle 
specimen.  Measurements  done  with  “emulated”  platelet  ge¬ 
ometry  also  confirmed  that  the  elastic  anisotropy,  revealed  in 
preliminary  surface  Brillouin  scattering  measurements  prior 
to  polishing,  was  an  artifact  attributed  to  the  light  scattering 
from  inclined  microcracks. 

The  Brillouin  scattering  (BS)  experimental  setup  is  an  im¬ 
proved  version  of  the  system  utilized  in  a  recent  study^^  on 
bulk  amorphous  carbon  samples.  It  is  a  fully  automated,  self¬ 
aligning  spectrometer  with  increased  stability  and 
flexibility,^^  and  it  operates  on  the  basis  of  a  Sandercock-type 
tandem  six-pass  Fabry-Perot  interferometer.^^  The  beam 
from  an  argon  ion  laser  (X = 5 14.5  nm  and  beam  power  of  70 
mW)  was  focused  on  the  sample  with  1:1.4  (f=50mm) 
lens.  The  high-resolution  spectra  were  typically  accumulated 
for  1-2  h. 
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Frequeocy  Shift  (GHz) 


FIG.  1,  Experimental  BS  spectrum  (^=50°)  of  nanocrystalline 
C-BC2N.  An  asymmetric  peak  at  *^60  GHz  resulted  from  the  satu¬ 
ration  of  the  system  by  the  strong  elastic  scattering  (Ref.  19). 


A  typical  Brillouin  spectrum  of  the  nanocrystalline 
C-BC2N  sample  (Fig.  1)  shows  well-defined  peaks  associ¬ 
ated  with  both  longitudinal  and  transverse  acoustic  modes. 
The  azimuth  dependencies  of  Vi  and  Vs  (Fig-  2)  do  not 
indicate  velocity  anisotropy  and  therefore  provide  evidence 
that  the  nanocrystalline  cubic  BC2N  phase  is  elastically  iso¬ 
tropic.  Using  average  Vl  and  values  of  13.09±0.22  and 
8.41±0.14km/s,  respectively,  we  calculated  bulk  and  shear 
moduli,  Poisson's  ratio,  and  the  Young's  modulus.  The  re¬ 
sults  and  relevant  data  from  the  literature  are  compiled  in 
Table  I  with  the  standard  deviations  indicated  as  uncertain¬ 
ties.  We  find  good  agreement  among  the  presently  obtained 
bulk  modulus  and  the  corresponding  value  obtained  from 
independent  x-ray  compressibility  measurements.^ 

Experimental  spectra  show  also  a  strong  peak  around  100 
GHz  (Fig.  1).  This  peak  is  attributed  to  interaction  between 
laser  light  and  longitudinal  phonons  in  backscattering 
geometry.^^  In  such  a  geometry,  the  longitudinal  velocity  is 
related  to  the  frequency  shift  A/,  by  the  expression 


\A/ 


(2) 


Vertkal  AacIc  (degrees) 


FIG.  2.  Experimental  azimuth  dependence  of  longitudinal  (solid 
circles)  and  shear  velocities  (solid  squares)  in  C-BC2N.  Thick  lines 
are  linear  fits  to  present  data. 


From  the  measured  value  of  the  frequency  shift,  we  obtained 
nVi^- 25.65 ±0.4  km/s.  The  refractive  index  of  C-BC2N  has 
been  determined  to  be  2.06,  using  the  multi-angle-of- 
incidence  ellipsometry  measurements.^"^  Thus,  from  these 
measurements,  the  longitudinal  velocity  can  be  determined 
independently.  The  value  is  12.45  ±0.31  km/s,  and  it  agrees 
reasonably  well  with  13. 09 ±0.33  km/s  obtained  by 

“emulated"  platelet  geometry.  We  can  also  calculate  n  from 
measured  values  of  nVi.  Results  presented  in  Fig.  3  clearly 
show  that  the  nanocrystalline  C-BC2N  is  optically  isotropic 
as  well,  with  an  average  value  of  n  =  1.96±0.03.  This  is  in 
agreement  with  multi-angle-of-incidence  ellipsometry 
measurements.^"^ 

The  cubic  BC2N  phase  has  an  unusual  combination  of 
mechanical  properties:  its  elastic  moduli  measured  by  Bril¬ 
louin  scattering  and  x-ray  diffraction  are  lower  than  those  of 
c-BN,  whereas  its  hardness  measured  independently  by  mi¬ 
croindentation  technique^  is  higher  than  that  of  the  single¬ 
crystal  c-BN  and  only  slighdy  lower  than  that  of  diamond. 
The  fact  that  the  values  of  bulk  and  shear  moduli  of  C-BC2N 
are  lower  than  those  for  c-BN  and  diamond  may  be  attrib- 


TABLE  I.  Summary  of  experimental  data  on  Vl,  V5,  density  (p),  K,  G,  and  v  of  C-BC2N,  c-BN,  and 
diamond.  Elastic  moduli  and  Poisson’s  ratio  of  C-BC2N  were  calculated  using  Brillouin  scattering  data  and 
value  of  density  measured  in  Ref.  1.  Acoustic  velocities  and  elastic  moduli  of  c-BN  and  diamond  were 
calculated  using  experimentally  measured  parameters  for  single  crystals. 


Phase 

p  (g/cm^) 

Vl  (km/s) 

Vs  (km/s) 

V 

K  (GPa) 

G  (GPa) 

c-BCjN 

3.358“ 

13.09  ±0.22^ 

8.41  ±0.14^' 

0.149^ 

259  ±22® 

238±8® 

c-BN^ 

3.500 

15.82 

10.39 

0.121 

372.3 

377.8 

Diamond® 

3.512 

18.17 

12.238 

0.071 

442 

538 

“Reference  1. 

^Present  study. 

‘^Calculated  using  Vl  and  Vs  from  current  measurements  and  density  from  Ref.  1. 
‘^Reference  24. 

Tsotropic  (Voigt-Reuss-Hill)  average  using  elastic  moduli  reported  in  Ref.  25. 
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measurement^  is  most  likely  an  “ 

deformation  of  the  diamond  indenter.  Oearly  the  uuve 

Pharr  relation  between  the  to 

and  projected  area  of  the  elastic  contact  J’®  f  ‘ 

Stimate  Young’s  modulus  for  superhard  phases  (Hv 
>40  GPa)  Nonetheless,  it  is  to  be  noted  that  for 
mondlike  B-N-C  phases  synthesized  by  shock  co^^ssion 
S  Wessure  higher  than  30  GPa  and  temperature  above  3000 
K,^very  high  bulk  modulus  values  were  reported  for 
^  (!(:«= 401  GPa)  (Ref.  13)  and  for  BCo,9±o.2N 
-412^GPa).‘‘  These  results  indicate  that  the  elastic  proP^" 
ties  of  »dlike  B-C-N  phases  t.e 
structure  of  the  phases  and,  hence,  upon  the  synthesis  p- 
“purther  Judies  are  needed  to  estab«y 
ship  between  properties  and  structure  and,  hence,  the  synthe 

sis  conditions. 
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10.1  Introduction 

Surface  Brillouin  scattering  (SBS)  is  a  noncontact  measurement  technique 
that  exploits  light  scattering  to  probe  the  properties  of  surface  acoustic  waves 
(SAWs),  either  at  the  surface  of  homogeneous  solids  or  in  thin  supported 
layers.  The  objective  is  to  obtain  information  on  the  elastic  properties  of  the 
near-surface  region,  extending  down  to  a  depth  of  the  order  of  a  micron. 
The  near-surface  elastic  properties  of  solids  often  differ  markedly  from  those 
of  the  underlying  bulk  material.  They  are  a  sensitive  indicator  of  residual 
stress,  annealing,  and  other  near-surface  physical  conditions.  SBS  is  widely 
used  in  the  characterization  of  thin  (submicron)  supported  layers,  whose 
elastic  properties  can  differ  from  those  of  the  corresponding  bulk  material. 
It  can  alternatively  be  exploited  to  measure  other  properties,  such  as  the 
layer  thicknesses  or  mass  density  or  the  presence  of  interfacial  layers.  The 
systems  that  have  been  studied  to  date  are  many  and  diverse.  They  include 
inorganic  materials  such  as  silicon  and  silicides;  a  variety  of  carbonaceous 
materials  such  as  diamond,  chemical  vapor  deposited  (CVD)  diamond,  and 
diamond-like  films;  various  types  of  hard  coatings  like  carbides  and  nitrides; 
Langmuir-BIodgett  (LB)  films;  and  various  types  of  multilayers. 

The  SBS  technique  does  not  involve  the  excitation  of  SAWs,  but  relies  on 
spontaneous  thermal  fluctuations  in  these  modes.  It  does  not  observe  SAW 
propagation  over  macroscopic  distances,  but  is  based  on  local  inelastic  scat¬ 
tering  of  light,  and  is  therefore  applicable  to  small  samples.  Most  other  SAW 
techniques  are  based  on  the  excitation  of  surface  waves,  at  frequencies  deter¬ 
mined  by  the  particular  technique  and  experimental  conditions;  quantitative 
acoustic  microscopy,  for  example,  measures  SAW  at  frequencies  ranging 
from  30  MFlz  to  2  GHz,^  while  typical  frequencies  of  the  broadband  SAW 
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pulses  obtained  by  laser  excitation  lie  within  the  range  5  to  500  MHz.^  In 
SBS  the  wave  vector  is  determined  by  the  experimental  conditions,  and  with 
visible  light  the  explored  SAW  wavelengths  are  of  the  order  of  half  a  micron 
or  less;  t^ical  SAW  speeds  of  such  wavelengths  correspond  to  frequencies 
ranging  from  a  few  GHz  up  to  30  GHz.  Surface  Brillouin  scattering  is  the 
only  technique  able  to  detect  SAWs  in  this  frequency  range.®  In  order  to 
cover  broader  frequency  ranges,  and  thus  obtain  fuller  information  on  the 
near  surface  properties,  SBS  has  also  been  used  in  conjunction  with  other 
techniques  such  as  acoustic  microscopy,®  laser-ultrasonic  techniques,  or 
microindentation.^'^  Wavelengths  of  a  fraction  of  a  micron  are  still  orders  of 
magnitude  larger  than  interatomic  distances,  and  their  analysis  by  a  contin¬ 
uum  model  is  therefore  fully  appropriate. 

Thermal  fluctuations  are  governed  by  the  equipartition  principle  of  ther¬ 
modynamics,  which  says  that  at  a  temperature  T  each  vibrational  degree  of 
freedom  of  a  mechanical  system  is  endowed  with  on  average  an  amount  of 
energy  Jk^T,  where  fcg  ~  1.38  x  10“^®  J/K  is  Boltzmann's  constant.  In  an  elastic 
continuum  the  vibrational  degrees  of  freedom  correspond  to  acoustic  modes 
of  any  wave  vector.  The  thermal  noise  can  thus  be  seen  as  a  superposition 
of  all  the  acoustic  modes.  In  SBS  the  scattering  geometry  selects  a  specific 
wave  vector  and  probes  the  thermal  noise  at  that  wave  vector,  performing 
a  sampling  of  the  surface  wave  dispersion.  This  is  done  by  illuminating  the 
surface  with  a  laser  beam  and  examining  the  spectrum  of  the  scattered  light. 
The  laser  is  of  fairly  modest  power  (usually  less  that  a  watt)  and  supposedly 
causes  minimal  heating  of  the  surface;  it  is  not  the  driving  force  producing 
the  fluctuations,  but  it  is  the  tool  used  to  detect  them.  For  a  highly  polished 
surface,  most  of  the  incident  light  is  specularly  reflected,  refracted,  or 
absorbed.  However,  because  of  the  thermal  fluctuations,  a  small  amount  is 
diffusely  scattered,  undergoing  a  change  in  frequency  in  the  process.  This  is 
akin  to  Raman  scattering,  but  entailing  long  wavelength  acoustic  modes 
rather  than  molecular  vibrations  (in  microscopic  terms,  acoustic  phonons 
rather  than  optical  phonons).  From  the  spectrum  of  the  inelastically  scattered 
light  and  the  scattering  geometry,  one  can  derive  the  SAW  dispersion  relation 
for  the  surface  and  infer  the  elastic  properties  of  the  near-surface  region. 
How  this  is  done  is  the  subject  matter  of  this  chapter. 

SBS  is  commonly  but  not  invariably  observed  in  opaque  or  semiopaque 
materials,  in  which  the  scattering  volume  is  the  surface  and  the  small  region 
near  the  surface  that  the  light  is  able  to  penetrate.  Some  materials  studied 
in  SBS  are  transparent  or  semitransparent,  and  in  these  cases  one  observes 
a  substantial  amoimt  of  light  scattering  from  within  the  bulk.  While  the 
main  focus  of  this  chapter  is  on  SBS,  for  completeness  we  will  address  some 
remarks  at  the  issue  of  bulk  Brillouin  scattering.  Bulk  Brillouin  scattering 
is,  among  other  things,  used  to  study  the  elastic  properties  of  transparent 
materials  as  a  function  of  temperature  and  pressure,  particularly  with 
regard  to  their  behavior  near  phase  transitions.  When  bulk  scattering  can 
also  be  observed,  it  can  be  advantageously  exploited,  since  it  provides 
additional  information  on  which  to  base  elastic  properties  determination. 
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Brillouin  spectrometry  is  particularly  suited  to  measurements  under  con¬ 
trolled  temperature  and/or  pressure,  because  the  measurements  are  con¬ 
tactless,  and  require  only  one  (for  the  backscattering  configuration)  or  two 
(for  other  configurations)  optical  windows  to  access  the  specimen.  This  has 
allowed  measurements  in  furnaces  equipped  with  optical  windows,*”'  and 
in  diamond  anvil  cells,  exploiting  the  transparency  of  diamond." 

The  outline  of  this  chapter  is  as  follows,  hi  Section  10.2  we  discuss  the 
underlying  physics  of  SBS,  the  mechanisms  for  the  scattering  of  light  by 
thermally  excited  acoustic  vibrations,  and  the  nature  of  the  various  bulk  and 
guided  waves  that  play  a  role  in  the  scattering.  An  analysis  of  the  various 
acoustic  modes  was  already  presented  in  Chapter  1  for  tiie  case  of  isotropic 
media  and  layers.  However,  much  of  the  recent  experimental  work  in  the 
area  of  SBS  has  been  concerned  with  crystals,  epitaxial  layers,  superlattices, 
and  other  types  of  solids  that  are  elastically  anisotropic.  The  analysis  of 
Chapter  1  is  therefore  extended  to  anisotropic  media  and  follows  a  somewhat 
different  approach,  giving  results  in  a  form  that  is  more  directly  linked  to 
the  scattering  cross  section. 

In  Section  10.3,  tiie  SBS  technique  is  described  in  more  detail,  and  some 
classical  applications  are  discussed.  The  observation  of  SBS  has  greatly  ben¬ 
efited  in  recent  years  from  developments  in  multi-pass  tandem  Fabry-Perot 
interferometry  and  low  noise  high  sensitivity  detectors.'^  These  developments 
have  brought  about  improvements  in  resolution  and  have  significantly 
reduced  the  data  collection  time  required  to  achieve  adequate  signal  to  noise 
ratio.  Finally,  Section  10.4  contains  a  review  of  recent  SBS  applications  to  the 
study  of  single-  and  multilayers,  particularly  hard  and  superhard  materials. 

This  chapter  presupposes  familiarity  with  the  elementary  principles  of 
elasticity,  as  expounded  in  Chapter  1  of  this  book  and  in  the  reviews.'*"'*  It 
is  a  fairly  self-contained  overview  of  the  SBS  technique  and  its  application 
in  the  nondestructive  characterization  of  materials.  We  draw  attention  to  a 
number  of  other  recent  reviews  on  the  subject  of  SBS.*'^  '^''*  Theoretical  treat¬ 
ments  of  SBS  have  been  published  by  a  number  of  authors  Bulk  Brillouin 

scattering  has  been  reviewed  by  Dil.^ 


10.2  Theory 

10.2.1  Brillouin  Scattering:  The  Principle 

The  principle  of  Brillouin  scattering  is  shown  in  Figure  10.1.  A  laser  beam 
of  angular  frequency  £2,  and  wave  vector  q,.  is  incident  on  the  highly  pol¬ 
ished  surface  of  a  sample  at  angle  0  to  the  normal.  Most  of  this  light  is 
specularly  reflected,  refracted  at  angle  6',  or  absorbed.  However,  as  a  result 
of  thermally  excited  dynamic  fluctuations  in  the  strain  field  within  the  solid 
and  dynamic  rippling  of  the  surface,  a  small  amount  of  light  is  diffusely 
scattered,  undergoing  in  the  process  a  fractional  change  in  frequency  of  the 
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(c) 


FIGURE  10.1 

Brillotiin  scattering  geometry,  ft.,  ft,  incident  and  scattered  optical  circular  frequencies;  (o: 
acoustical  circular  frequency;  q.,  q,:  incident  and  scattered  optic^  wave  vectors,  in  vacuum;  Qj, 
^s  ’’  u^<^i<ient  and  scattered  optical  wave  vectors,  in  the  solid;  k:  acoustical  wave  vector, 
(a)  transparent  solid,  of  refractive  index  n:  sin6=^'  sinO',  by  SnelPs  law,  k=q'-q', 
q'  =  q'.  =  nq.,  k  =  2nq..  (b)  supported  transparent  film,  of  refractive  index  n :  ^.sinO  =  sinG',  by 

Snell's  law*  k=  qf-q;,  q';Bq^^q',=nq.,k=^2q"smQ'  =  k  =  2qiSmQ,  (c)  opaque  solid:  fc,,  =  (q^- 

9,)iK9,  =  ^^^il  =  29,sina 


order  of  -  lO'®,  where  is  the  acoustic  wave  speed  and  c,.^,  is 

the  speed  of  light  •  see  Section  10.2).  Present  in  the  spectrum  of  scattered  AU:  (see 
radiation  is  a  relatively  intense  central  peak,  unshifted  in  frequency,  which 
is  due  to  static  inhomogeneities  and  surface  roughness  in  the  sample. 

Because  of  the  fluctuations,  in  the  spectrum  there  are  two  more  or  less  mirror  renum- 
image  sidebands  straddling  the  central  peak.  The  frequency-downshifted  bered:  Are 
one  is  called  the  Stokes  band,  and  the  frequency-upshifted  one  Ihe  anti-  you  referring 
Stokes  band.  The  inelastic  (frequency  shifted)  spectrum,  which  is  our  concern 
here,  depends  on  the  optical  and  elastic  properties  of  the  sample,  the  scat- 
tering  geometry,  and  the  vibrational  modes  of  the  solid  that  the  light  is  able 
to  couple  to.  Since,  as  already  mentioned,  the  average  amount  of  energy  per 
vibrational  degree  of  freedom  is  fcpT,  the  intensity  of  the  inelastic  spectrum 
turns  out  to  be  proportional  to  the  absolute  temperature. 

From  a  quantum  mechanical  point  of  view,  the  scattering  is  interpreted  as 
a  phonon  creation  (Stokes)  or  annihilation  (anti-Stokes)  process  in  which  the 
photon  loses  or  gains  the  energy  of  the  phonon.  It  must  also  be  noted  that 
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AU:  AU:  (see 
Section 
10.1):  Sec¬ 
tions  have 
been  renum¬ 
bered:  Are 
you  referring 
to  Sect. 
10.2.1.1? 
Please  con¬ 
firm. 


the  quantum  of  energy  fico  (h  is  Planck's  constant)  associated  with  an  oscil¬ 
lator  of  30  GHz  frequency  corresponds  to  an  equivalent  temperature  wo/kg 
of  about  1.5  K.  This  means  that  even  at  rather  low  temperatures  the  classical 
approach  adopted  in  this  chapter  is  adequate  for  calculating  the  spectrum. 
It  is  only  at  extremely  low  temperatures  where  kgT  becomes  comparable  to 
m,  and  quantum  mechanical  effects  become  pronounced  so  that  a  more 
sophisticated  approach  is  required. 

In  the  usual  implementation  of  SBS,  the  backscattered  light  of  frequency 
and  wave  vector  q/ma  small  cone  around  -q^,  is  collected  and  analyzed. 
TIu'ee  common  scattering  processes  are  depicted  in  Figure  10.1  pertaining 
to  a  (a)  transparent  solid,  (b)  transparent  supported  layer,  and  (c)  an  opaque 
or  semiopaque  solid  or  supported  layer.  Because  of  the  small  frequency 
shift  I  (0 1  =  I  -  m  <sc  Q;,  it  follows  that  the  incident  and  scattered  light 
wavelengths  differ  only  very  slightly,  so  that  to  a  good  approximation  q^  ~  q^. 
Taking  into  account  the  change  in  the  wavelength  due  to  ^e  refractive  index 
n  for  the  light  when  it  is  in  the  solid,  it  follows  that  =  q''^  q'^  =  q"~  nq^i  see 
Section  10.2.1.1).  Further,  Snell's  law  of  refraction  requires  that 
‘ii  =  mi  and  <?,.  sine  =  q'sinQ'. 

10.2.1.1  Acoustic  Modes  in  Anisotropic  Media 

Interpretation  of  SBS  spectra  can  become  a  complex  task  when  the  spectra 
contain  several  peaks  and  when  an  estimate  of  the  specimen’s  elastic  prop¬ 
erties  is  not  available  a  priori.  A  proper  assignment  for  each  peak  requires 
an  understanding  the  basics  of  SAW  propagation  in  layered  solids,  especially 
when  the  layers  are  anisotropic.  Extensive  discussions  of  bulk  and  surface 
waves  can  be  found  in  a  number  of  books.^®-^*^^  We  discuss  only  some  salient 
features  here. 

The  theoretical  approach  we  present  here  is  formulated  for  anisotropic 
media  and  includes  as  a  special  case  isotropic  solids.  It  was  shown  in  Qiapter 
1  that  in  isotropic  solids  2  types  of  bulk  acoustic  modes  exist:  primary  waves, 
longitudinally  polarized,  and  secondary  waves,  transversely  polarized.  Two 
independent  (orthogonal)  transverse  polarization  directions  exist.  In  isotro¬ 
pic  solids  the  secondary  waves  are  perfectly  equivalent,  while  in  arusotropic 
solids  they  are  not.  These  modes,  called  fast  transverse  (FT)  and  slow  trans¬ 
verse  (ST)  from  their  generally  different  velocities,  have  phase  velocities  and 
polarization  vectors  that  depend  on  the  propagation  direction.  Also  the 
phase  velocity  and  polarization  vector  of  the  longitudinal  (P)  mode  depend 
on  the  propagation  direction.  Although  in  the  anisotropic  case  the  polariza¬ 
tion  vectors  are  generally  neither  exactly  parallel  nor  exactly  perpendicular 
to  the  wave  vector  (and  therefore,  in  strict  terms,  the  modes  are  quasi  lon¬ 
gitudinal  and  quasi-transverse)  the  above  names  and  the  corresponding 
labels  P,  ST,  and  FT  are  customarily  used  in  this  context,  and  are  also  adopted 
in  this  chapter. 

At  surfaces  other  acoustic  modes  are  encountered.  The  Rayleigh  wave 
(RW)  at  the  free  surface  of  a  semi-infinite  isotropic  elastic  half  space  and  at 
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the  surface  of  an  isotropic  substrate  covered  by  an  isotropic  layer  were 
discussed  in  detail  in  Qiapter  1.  The  RW  propagating  along  the  stress-free 
boundary  of  a  homogeneous  solid  is  a  nondispersive  acoustic  wave  which 
has  its  energy  and  displacement  field  confined  near  the  surface.^^'^^  Similar 
waves  existing  on  anisotropic  surfaces  are  called  generalized  RW  (GRW).^^ 
The  solutions  of  the  wave  equation  for  such  waves  differ  from  the  true  RW 
on  isotropic  media  only  in  the  form  of  the  variation  of  the  displacement  with 
depth.^^  Antiplane  and  inplane  modes  in  free  standing  plates  (Lamb  waves) 
were  also  discussed  in  Chapter  1,  as  well  as  transverse  modes  in  a  layered 
half  space  (Love  waves).  Unattenuated  waves  traveling  along  interfaces 
between  two  solids  (Stoneley  waves)^^  exist  in  certain  cases;  the  conditions 
for  their  existence  have  been  established.^^  The  existence  of  attenuated  inter¬ 
facial  waves  was  also  shown.^^ 

Along  a  stress-free  boundary  surface  skimming  longitudinal  (LA)  and 
transverse  (T)  acoustic  waves  can  exist  The  former,  from  being  encountered 
in  different  contexts,  has  acquired  various  names,  including  the  high  fre¬ 
quency  pseudo-surface  wave  (HFPSW),^^  leaky  longitudinal  surface  wave 
(LLSVO,  and  longitudinal  guided  wave  (LGW)  or  mode  (LGM).  Furthermore, 
waves  exist  that  are  surface-like  but  slowly  radiate  energy  away  from  the 
surface  and  for  which  the  displacement  field  does  not  vanish  at  infinite  depth. 
They  are  not  surface  waves  in  the  strict  sense,  but  since  their  energy  is  mainly 
confined  near  the  surface  they  are  called  pseudo-surface  acoustic  waves 
(PSAWs).^^  PSAWs  have  a  phase  velocity  higher  than  that  of  the  lowest  of 
the  bulk  waves  in  the  substrate.  The  presence  of  a  layer  over  a  substrate  leads 
to  the  appearance  of  a  number  of  waves  confined  within  the  layer.^^  For  a 
single  layer  on  solid  substrate,  tiiese  waves  are  called  generalized  Lamb^^  or 
Sezawa  waves,^^  because  of  their  similarity  to  Lamb  waves  in  free-standing 
isotropic  plates.  Degenerate  Lamb  modes  have  been  identified  by  Sezawa. 
The  behavior  of  generalized  Lamb  waves  depends  on  the  thickness  of  the 
layer  in  relation  to  the  wavelength,  on  whether  the  layer  is  stiffer  or  less  stiff 
than  the  substrate,  and  the  relative  densities  of  the  layer  and  substrate. 

In  addition  to  Chapter  1,  reviews  of  the  SAW  propagation  on  plates 
and  layered  materials  can  be  found  in  references  at  the  end  of  this 
chpater.^'^^^^^^^^^ 


70.2. 7.2  Transparent  Solids:  The  Elasto-Optic  Scattering  Mechanism 

In  the  case  of  a  transparent  solid  (Figure  10.1[a]),  most  of  the  scattered  light 
emanates  from  the  refracted  beam  in  a  region  well  away  from  the  surface, 
and  the  kinematic  conditions  relating  wave  vector  and  frequency  shift  of  the 
light  pertain  to  bulk  acoustic  wave  scattering.  The  scattering  in  this  case  is 
mediated  by  the  elasto-optic  scattering  mechanism,  in  which  dynamic  fluctua¬ 
tions  in  the  strain  field  s-j  bring  about  fluctuations  in  the  dielectric  constant, 
and  these  in  turn  translate  into  fluctuations  in  the  refractive  index.  These 
fluctuating  optical  inhomogeneities  result  in  inelastic  scattering  of  the  light 
as  it  passes  tiuough  the  solid.  In  the  general  anisotropic  case  the  dielectric 
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constant  is  a  tensor  of  rank  two,  and  its  fluctuations  are  given  by  5x,y  = 
Pqki%'  where  is  the  tensor  of  the  elasto-optic  constants. 

The  strain  field  in  the  bulk,  well  away  from  the  surface,  can  be  expressed 
as  the  superposition  of  the  displacement  fields  of  all  the  bulk  P,  FT,  and  ST 
acoustic  waves  of  the  solid.  For  a  particular  scattering  geometry,  (i.e.,  specific 
incident  light  wave  vector  qj  and  scattered  light  wave  vector  q'  [both  within 
the  solid],  the  scattering  wave  vector  is  k  =  q'-q',  and  only  acoustic  waves 
having  precisely  this  wave  vector  k  contribute  to  the  detected  signal.  Bearing 
in  mind  that  q'  and  q'  differ  only  very  slightly  in  magnitude,  it  follows  that 
for  back  scattering  k  =  2ci'.  The  spectrum  of  the  scattered  radiation  thus 
contains  in  principle  three  pairs  of  peaks,  at  frequency  shifts 


(10.1) 


where  stands  for  phase  velocity  of  the  P,  FT,  or  ST  wave  in  the 
direction  of  k.  The  intensities  of  these  peaks  vary  considerably,  depending 
on  the  elasto-optic  constants  of  the  solid,  wave  polarization,  and  direc¬ 
tion  and  other  factors;  it  is  quite  common  for  one  or  more  of  the  peaks  to 
be  too  faint  to  be  detected  or  even  to  be  zero.  These  peaks  yield  up  to 
three  bulk  wave  velocities  as  a  function  of  direction  0',  from  which  indi¬ 
vidual  elastic  constants  or  combinations  of  constants  can  be  inferred.^®  In 
bulk  wave  scattering  the  frequency  shifts  of  Equation  10.1  are  much  larger 
(up  to  150  GHz  or  so)  than  for  surface  wave  scattering  (typically  below 
30  GHz).  The  presence  of  bulk  wave  peaks,  well  separated  from  surface 
wave  scattering,  is  of  advantage  in  determining  elastic  constants  using 
SBS. 


10,2. 1.3  Brillouin  Scattering  in  Thin  Supported  Transparent  Layers 
In  the  case  of  a  transparent  layer  on  a  substrate  (Figure  10.1[b]),  in  addition 
to  Brillouin  scattering  from  the  refracted  beam,  there  have  been  several 
reported  observations  of  scattering  from  the  beam  of  wave  vector  q"  that 
is  reflected  from  the  interface.  From  the  geometry  of  Figure  10.1(b),  one 
readily  infers  that  the  scattering  wave  vector  k  =  q'  -  q'  of  the  acoustic  modes 
that  are  coupled  to,  is  parallel  to  the  surface,  and  of  magnitude  k  =  2q"  sin  0'. 
Invoking  Snell's  law,  it  follows  that  k  =  2^,  sin0,  which  is,  somewhat  sur¬ 
prisingly  at  first  sight,  independent  of  the  refractive  index.  Bulk  waves  are 
thus  detected,  having  direction  parallel  to  the  surface,  and  frequency 


«  =  ±2<?,c,^,tSin0 


(10.2) 


yielding  one  or  more  bulk  wave  velocities  parallel  to  the  surface. 
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10.2. 1.4  Opaque  Solids:  Surface  Ripple  Scattering  Mechanism 
In  the  case  of  an  opaque  or  semiopaque  solid  or  layer,  the  Brillouin  scattering 
occurs  at  or  near  the  surface.  In  this  case  the  wave  vector  constraint  on  the 
acoustic  modes  that  are  coupled  to  is  limited  to  the  component  lC||  parallel 
to  the  surface,  which  is  of  magnitude 

fc|l  =  2^,.  sin6  (10.3) 

This  allows  coupling  to  a  continuous  spectrum  of  bulk  modes,  incident  on 
the  surface  and  having  this  value  of  ^  I  =  (fcj,  1^2)  any  value  of  the 
component  of  k  normal  to  the  surface.  Tnis  part  of  the  spectrum  is  called  the 
Lamb  shoulder.  Also  coupled  to  are  surface  waves  of  various  kinds  that  have 
this  value  of  k|  j.  The  modes  detected  in  backscattering  have  frequencies 

yielding  a  continuum  of  values  of  for  the  bulk  modes  and  discrete 
values  of  wave  velocity  for  the  surface  modes. 

In  the  case  of  an  opaque  solid,  SBS  is  mediated  by  the  surface  rippling 
scattering  mechanism^  (i.e.,  scattering  by  dynamic  corrugations  in  the  surface 
profile)^^'^^  due  to  the  wave  displacements.  The  dynamic  rippling  of  the 
surface  can  be  resolved  into  a  superposition  of  harmonic  waves,  which  act 
as  moving  diffraction  gratings  at  the  surface,  traveling  in  the  reverse  (+)  or 
forward  (-)  directions  at  velocity  Th^se  cause  diffraction  of  the  light 
together  with  a  Doppler  frequency  shift.  It  can  be  shown  that  in  the  classical 
regime,  the  cross  section  for  scattering  of  light  with  frequency  change  co  and 
surface  scattering  wave  vector  /Cj  j,  is  proportional  to  the  power  spectrum 
<  I  u^{k^  |,  co)  I  of  the  normal  fluctuations  in  the  surface  profile.^^'^^  According 
to  the  fluctuation  dissipation  theorem 

<|u3(k||,co)p>«.^ImG33(k||,(o)  (10.5) 

where  ImG33(k|  |,co)  is  flie  imaginary  (dissipative)  part  of  the  Fourier  (k|  |,co) 
domain  surface  dynamic  response  function  (Green*s  function)  for  force  and 
displacement  normal  to  the  surface.  Hence,  the  scattering  cross  section  for 
dynamic  ripple  mediated  scattering  is  given  by 

--^  =— ImG33(k.,,co)  (10.6) 

dOdco  (0  “  " 

where  A  is  a  constant  that  depends  on  the  scattering  geometry,  the  frequency 
and  polarization  of  the  incident  light,  and  the  optical  properties  of  the 
medium.  How  ImG33(k||,co)  is  calculated  will  be  explained  shortly. 
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In  the  case  of  a  semiopaque  solid,  there  can  also  be  a  contribution  to  the 
scattering  from  the  elasto-optic  effect  in  the  region  close  to  the  surface  that 
the  light  is  able  to  penetrate.  This  scattering  can  be  expressed  in  terms  of 
the  Green's  function  tensor  in  this  case  not  limited  to  the  normal  com¬ 
ponent  G33  or  to  the  response  exactly  at  the  surface.  Accurate  calculations  of 
the  elasto-optic  scattering  in  semi-opaque  solids  require  a  knowledge  of  the 
complex  dielectric  constant  as  well  as  the  p-y,  which  are  not  always  readily 
available.  We  will  not  treat  this  aspect  further  here,  but  refer  the  reader  to 
the  investigations  by  various  authors.^^'^^ 

Note  that  the  angular  dependences  given  by  Equation  10.2  and  Equation 
10.4  are  exactly  the  same,  but  the  physical  interpretation  is  quite  different. 
Regarding  bulk  modes.  Equation  10.2  refers  to  isolated  peaks  in  the  Brillouin 
spectrum  associated  with  modes  with  k  parallel  to  the  surface,  while  Equa¬ 
tion  10.4  pertains  to  a  continuum  of  bulk  modes.  In  SBS,  it  is  tempting  to 
take  a  sinO  dependence  of  the  frequency  shift  of  a  peak  as  the  tell-tale  sign 
of  a  surface  mode.  As  we  have  seen  here,  this  can  also  be  an  indication  of  a 
surface  skimming  bulk  wave. 


10.2.2  Computation  of  Brillouin  Spectra 

10.2.2.1  Greenes  Function  for  Anisotropic  Layered  Media 
Here  we  briefly  describe  the  derivation  of  the  Fourier  (kj  j,co)  domain  sur¬ 
face  dynamic  response  function  (Green's  function)  G33(k||,co)  for  an  amso- 
tropic  layer  of  thickness  h  perfectly  bonded  to  an  anisotropic  half  space, 
following  Every.^^  In  the  following  sections  we  also  discuss  the  nature  of  the 
various  surface  and  guided  waves,  and  how  some  of  their  properties  can  be 
obtained  from  G33(k||,co).  We  adopt  the  coordinate  system  shown  in 
Figure  10.1,  with  the  and  Xj-axes  in  the  interface  between  the  layer  and 
substrate  and  the  X3-axis  normal  to  the  surface  and  directed  into  the  substrate. 
By  letting  h  tend  to  zero,  the  properties  of  the  substrate  alone  are  obtained. 
We  consider  a  general  anisotropic  elastic  continuum  of  mass  density  and 
elastic  modulus  tensor  Ctj^  in  the  half-space  X3  >  0  and  a  layer  of  density  p" 
and  elastic  modulus  tensor  Cr^  in  the  region  -h  <x^<0  (Figure  10.1).  The 
superscripts  +  and  -  will  also  be  used  for  other  quantities  such  as  stress  or 
displacement  to  distinguish  them  when  they  pertain  specifically  to  the  sub¬ 
strate  or  respectively  to  the  layer. 

We  first  provide  a  brief  introduction  to  the  subject  of  bulk  waves  in  amso- 
tropic  solids,  extending  the  detailed  analysis  presented  in  Chapter  1  for  the 
isotropic  case.  We  then  show  how  bulk  waves  are  used  as  partial  waves  in 
the  calculation  of  the  surface  dynamic  response  of  a  layered  solid.  The  wave 
equation  for  an  infinite  anisotropic  elastic  solid  is 
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summation  over  repeated  indices  being  implied.  Equation  10.7  admits  plane 
wave  solutions  of  ^e  form 


w.  =  U-  exp[i(k  •  X  -  cof)] 


(10.8) 


where  the  wave  vector  angular  frequency  co  and  polarization  vector  U  are 
related  by  the  set  of  three  linear  equations 


(W-P®^8,,)L7,  =  0  (10.9) 

8^  being  the  Kronecker  symbol,  and  the  corresponding  secular  equation 
being 


D(k,co)  =  |C^)t.^--pco\  1=0  (10.10) 


Throe  linear  equations  (10),  the  Christoffel  equations,  represent  the  bulk  AU:  Three 
wave  dispersion  relation  for  the  anisotropic  medium.  It  is  more  convenient  *|riear  equa- 
to  analyze  wave  propagation  in  anisotropic  media  using  the  slowness  vector  ^3 
s  =  k/co  instead  of  the  wave  vector.  In  terms  of  the  slowness  vector.  Equation  refering  to 
10.9  and  10.10  take  the  forms  Eq.  10.10  or 

10.8-10.10? 


(10.11) 


^^(S)=IVA“P5,|=0  (10.12) 


A  section  of  the  slowness  surface  of  GaAs  in  the  (001)  plane,  defined  by 
Equation  10.12,  is  shown  by  tihe  solid  lines  in  Figure  10.2.  It  is  a  centrosym- 
metric  surface  of  three  sheets  corresponding  to  the  P,  FT,  and  ST  modes.  The 
slowness  surface  depicts  the  directional  dependence  of  the  slowness  or 
inverse  phase  velocity  s=  1  lc^a>ust^  ^  isotropic  solids  all  three  sheets 

of  the  slowness  surface  are  spherical,  the  outer  two  sheets  coincide  and 
correspond  to  pure  transverse  (secondary)  waves,  and  the  inner  sheet  cor¬ 
responds  to  pure  longitudinal  (primary)  waves.  For  anisotropic  solids,  the 
outer  two  sheets  (corresponding  to  FT  and  ST  quasi-transverse  waves)  are 
separated.  They  are  in  contact  only  in  isolated  directions,  known  as  acoustic 
axes,  which  can  be  found  in  both  symmetry  and  nonsymmetry  directions. 

The  energy  flow  velocity  for  a  plane  homogeneous  wave  is  the  ray  or 
group  velocity  vector  c^=  Vi,co(k)  =  "^5^2(3),  which  has  the  property  of  being 
normal  to  the  constant  frequency  surface  at  any  point.  The  direction  of  the 
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FIGURE  10.2 

The  slovmess  curve  of  silicon  for  the  (001)  plane.  The  dashed  line  corresponds  to  the  transonic 
state.  The  solid  curves  correspond  to  the  slowness  curves  for  longitudinal  P,  FT,  ai'd  ST  bulk 
waves. 


ray  vector  is  an  important  consideration  when  selecting  partial  waves  in  the 
boundary  problem  we  discuss  in  the  next  section. 

The  dotted  line  in  the  Figure  10.2  is  the  slow  transverse  threshold It 
corresponds  to  the  limiting  point  on  the  ST  slowness  curve  where  Sj  j  =  fcj  |  / 
(0  is  a  maximum,  and  where  the  ray  vector,  which  is  perpendicular  to  the 
slowness  surface,  is  parallel  to  the  physical  surface  of  the  sample.  At  larger 
values  of  S|  |,  corresponding  to  smaller  velocities,  all  solutions  for  the  slow¬ 
ness  component  S3  =  k^/(0  are  complex  and  correspond  to  inhomogeneous 
waves;  the  maximum  value  of  Sj  j  is  thus  known  as  the  limiting  transonic 
state.  For  an  isotropic  solid,  the  slowness  curves  are  circles,  and  the  transonic 
state  coincides  with  the  transverse  slowness  along  the  surface,  Sg= 
but  this  is  not  generally  true  for  anisotropic  solids  as  Figure  10.2  demonstrates. 

We  now  determine  the  Green’s  function,  following  the  procedure  of  Cot- 
tam  and  Loudon.^^  It  is  assumed  that  the  medium  is  subjected  to  a  time-  and 
position-dependent  distribution  of  body  force  F(x,  t),  defined  per  unit  mass 
and  having  a  harmonic  time  dependence 


-4^ 


4^ 


F  (x,t)=  F  (x)exp(-i(oO 


(10.13) 
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The  equation  of  motion  for  the  components  of  the  elastic  displacement  field 
M(x,(D)exp(-iftJt)  in  the  medium  is  then  given  by 


i  ^ 


(10.14) 


summation  over  repeated  indexes  being  again  implied.  The  particular  inte¬ 
gral  of  Equation  10.14  can  be  written  formally 


M,(X,C0)  =  -  J  d^x'g..(Kx',(0)F.(x')  (10.15) 

where  g^jix.co)  is  the  elastodynamic  Green's  tensor.  When  the  point  force  is 
located  at  the  surface  of  the  film  [F^(xO  =  f'jS(^i)5(x2)5(x3  +  /i)]  where  5(x)  is 
the  delta  function]^  is  called  the  surface  Green's  function;  if  the  point  force 
is  applied  at  the  film/substrate  interface  (^3=  0)  we  call  gs3(x^  [/  X3  =  0,  co)  the 
interface  Green's  fimction.  For  a  concentrated  point  force  acting  at  the  top 
surface  we  have 

u,(x,(0)  =  gij(x,(0)F^  (10.16) 

The  Fourier  (lC||,  (o)  domain  surface  dynamic  response  function  (Green's 
function)  is  defined  as  a  double  Fourier  integral  of  the  elastodynamic 
Green's  tensor  g.(x,  co)  in  the  variables  Xj  and  Xj. 

G^(k|  |,X3,co)=  J  d^X||g,y(x,|,X3,co)exp{-ik|  |X||},  (10.17) 

where  X|  |  =  (x^/X2)  and  fcj  |  =  (fcj,  ^2);  the  inverse  transform  is 

g,y(X|  ,,X3,  (0)  =  J  d\  |Gyy(k| , , X3 , (o) oxp {ik,  |X| ,}  (10.18) 

The  purpose  of  the  following  simulations  is  to  find  a  response  of  the  system 
to  an  external  harmonic  force  (Equation  10.13)  applied  at  the  layer’s  upper 
surface 

073(Xji,  X3  =  -K  (O)  =  -F/5(Xjj),  Z  =  1, 2, 3  (1019) 

where  8(Xj  j)  =  5{Xj)5(x2[)  is  the  two  dimensional  8-function.  In  the  Equation 
10.19,  superscript  in  tiie  stress  component  0^3  indicates  that  it  has  been 
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calculated  in  the  layer.  The  negative  sign  in  Equation  10.19  has  to  do  with 
the  fact  that  the  surface  tractions  Op(X||,  ^3=  -K  ®)  are  in  reaction  to  the 
applied  force. 

Equation  10.19  is  written  in  the  spatial  or  Cartesian  coordinate  system,  but 
we  can  also  write  it  in  the  Fourier  domain  (fc-space)  using  properties  of  the 
delta  function®^ 


f  ‘^^exp{ifcr} 
(2%)  J 


(10.20) 


and  it  can  then  be  rewritten  then  as  an  inverse  Fourier  transform 


=  =  /  =  1,2,3  (10.21) 

In  order  to  calculate  the  Brillouin  spectrum  (Equation  10.6)  we  need  only 
the  component  of  the  external  force  F  normal  to  the  surface  [F  =  (0,0,^^)]* 
Therefore,  the  conditions  (Equation  10.21)  can  be  rewritten  as 

^33(^1 1'^3  =  =  -  ^2'jiy^  J  1^1 (10.22) 

oj3(X|  j,X3  =  -ft,a))  =  0,  /  =  1,  2  (10.23) 

To  find  the  response  of  the  system  to  the  force  F  we  seek  the  solution  of  the 
equations  of  motion  (Equation  10.14)  in  the  form  of  a  superposition  of  out¬ 
going  plane  waves  whose  amplitudes  are  proportional  to  F.  In  the  film  the 
displacement  field  is  given  by 

«r(x,0))  =  ^  J  exp{i(k,  |X|  I  +  fcf  X3)}  (10.24) 

'  '  n=l 

and  in  the  substrate  it  is  given  by 

00  9 

«r(x,(o)  =  ^  j  rf^k||£A<”>lfWexp{t{k|  |X|  ,  +  1:^X3)}  (10.25) 


For  each  value  of  fcjj  and  O),  the  coefficients  in  (Equation  10.24)  and 
(Equation  10.25)  are  tne  nine  unknown  constants  for  the  decomposition  into 
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plane  waves.  The  third  component  ^3  of  k  and  the  polarization  vector  U  are 
related  by  the  Chrlc-tofM  equations  (9)  where  kp  are  roots  of  the  charac¬ 
teristic  sextic  equation  (Equation  10.10).  Generally  Equation  (10)  yields  6 
solutions;  in  the  substrate  the  3  (n  =  7,8,9)  are  chosen  which  correspond  to 
outgoing  waves,  on  the  basis  that  they  are  either  homogeneous  (bulk)  waves 
(  kf^  real)  with  ray  or  group  velocity  vectors,  c^,  directed  into  the  interior 
(Cg3>  0),  or  they  are  inhomogeneous  (evanescent)  waves  (  k^  complex  or 
pure  imaginary)  which  decay  into  the  interior  {Im  ^  >  0).  In  the  film  all 
six  partial  waves  (n  =  1,  2,  3,  4, 5,  6)  must  be  taken  into  account. 

In  computer  codes  the  slowness  equation  is  written  in  the  form  of  a 
polynomial  equation 


AU: 

Christoffel 
equations 
(9):  Should 
friis  be  Equa¬ 
tion  10.9  or 
equations 
10,8-10.10 
(see  previ¬ 
ous  com¬ 
ment)? 


^D.,s{s{sl=0  (10.26) 

where  the  coefficients  depend  on  the  and  p.  For  a  given  Sj  j  =  (Sj,  S2) 
this  becomes  a  sextic  equation 


~  ^3k 

in  S3.  For  S3  perpendicular  to  a  mirror  plane,  all  odd  powers  of  S3  are  zero, 
and  it  reduces  to  a  cubic  in  (53)^.  To  obtain  the  component  along  of  the 
group  velocity  when  S3  is  real,  we  simply  differentiate  the  above  equation 
and  do  similarly  for  the  other  two  components.  The  calculation  of  the  roots 
of  the  Equation  10.26  can  be  simplified  by  first  rotating  the  crystal  to  the 
coordinate  frame,  where  the  surface  of  the  sample  defines  the  x^X2  plane, 
and  the  propagation  direction  is  always  along  Xj.  For  monoclinic  symmetry, 
the  implicit  form  of  the  coefficients  in  Equation  10.26  is  given  by  Nayfeh.^^ 
For  triclinic  symmetry,  the  implicit  form  of  the  polynomial  Equation  10.26 
can  be  found  elsewhere.^ 

From  the  stress-strain  relationship,  Equation  10.24 

and  Equation  10.25  it  follows  that  the  surface  tractions  are  given  by 


or3(X|K^3=- 


K(0)  =  ^  J  exp{i(k|  |X| ,))  (10.27) 

—09  tV=\ 


where  the  matrix  has  been  introduced 


’  exp{-ikPh]/(0  n  =  1,2A4^,6; 


I  =  1,2, 3  (10.28) 
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Summation  is  implied  over  repeating  indexes  (p^q)  in  Equation  10.28.  Com¬ 
paring  Equation  10.27  and  Equation  10.28  and  Equation  10.23,  we  arrive  at 
a  set  of  3  linear  equations  for  the  partial  wave  amplitudes  A)”’ 


^  ‘  (0 


(10.29) 


Another  three  equations  for  the  amplitudes  arise  from  the  continuity  of  stress 
at  the  interface 


|,  Xj  =  0^,  (o)  -  O' (X|  =  0_,  CO)  =  0 


(lOJO) 


which  yield 

9 

BfU  W  =  0 ,  Z  =  4, 5,  6  (10.31) 

M=1 

where 

=  ”  =  7,8,9;  Z  =  4,5,6  (10.32) 

and 


B/”>  =  -C3(,_3),,tJr^‘’’Vco,  n  =  1,2, 3, 4, 5, 6;  Z  =  4,5,6  (1033) 

Finally  there  are  three  equations  for  the  partial  wave  amplitudes  arising  from 
continuity  of  the  displacement  field  at  the  boundary 

(X|  |/^3  =  0+,co)- Mr(X|  |,X3  =  0_,co)  =  0  (10.34) 


which  yield 

9 

^  =  0 ,  Z  =  7,  8,  9  (1035) 

n=l 

where 


B<"’=L7<::),  Z  =  7,8,9,  n  =  7,8,9 


(10.36) 
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and 

,  /  =  7, 8,  9;  n  -  1,  2,  3, 4, 5,  6  (10.37) 

Note  the  -  sign  in  the  defining  Equation  (37)  for  . 

Combining  Equation  10.29,  Equation  10.31,  and  Equation  10.35  we  arrive 
at  a  system  of  9  linear  equations  in  9  unknown  and  a  right-hand  side 
vector  y. 

B'A  =  -Y  (10.38) 

CO 

where  Y^=  Oforl^S  and  Y;=  1  for  I  =  3.  The  solution  of  Equation  10.38  takes 
the  form 

ylW  =  — (10.39) 
(0^  ’  (fl  det|B| 

adj  denoting  matrix  adjoint.  From  Equation  10.19,  Equation  10.24,  and  Equa¬ 
tion  10.39  it  follows 

=  I exp(-ilf)/i)|exp(ik|  |X| ,) 

(10.40) 

Comparing  Equation  10.40  with  Equation  10.18  we  finally  obtain  Surface 
Green's  function 

.  6 

^33(1^1  K^3  =  exp(-ffc'”)ft)  (10.41) 

n=l 

Green's  function  for  interface  is  obtained  in  a  similar  way.  Instead  of  Equa¬ 
tion  10.19  we  have 

O33(X||/3C3  =  0,(0)  =  -F8(X|,)  (10.42) 

the  stresses  at  the  outer  surface  of  the  layer  are  null 
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— 


while  the  stress  at  the  interface  is  continuous  only  in  the  interface  plane 

<^13^  I'^3  =  0+,(o)-a-(X|  |,X3  =0.,co)  =  0,  1  =  1,2  (10.44) 

and  is  discontinuous  in  X3*-direction 

|,X3  =  0,(D)-a^(X|  |,X3  =  0,(0)  =  J  d\  exp{ik|  |X| ,}  (10.45) 

A  set  of  linear  equations  is  accordingly  obtained,  which  differs  from  Equation 
10.38  only  in  the  right-hand  side:  Y^=  0  for  /  ^*^6  and  V|=  1  for  I  =  6.  For  the 
interfacial  Green's  function  we  obtain 

G33(k|  |,X3  =  0,(0)  =  (10.46) 

n=l 

Equation  10.16  was  said  earlier  to  describe  Brillouin  scattering  from  the  free 
surface  of  a  semi-infinite  solid.  It  has  been  shown“  that  it  can  also  be  applied 
also  to  more  complicated  situations  such  as  (1)  scattering  from  the  interface 
between  two  perfectly  bonded  solids,  one  transparent  and  the  other  opaque; 
(2)  scattering  from  the  surface  of  an  opaque  film  supported  on  a  substrate; 
and  (3)  scattering  from  the  interface  between  a  thin  supported  film  and 
substrate  when  either  the  film  or  substrate  are  transparent.  In  cases  where 
the  light  passes  through  a  transparent  medium  before  or  after  meeting  a 
scattering  surface,  there  will  also  be  elasto-optic  scattering  and  interference 
between  this  and  the  ripple  scattering.  The  emphasis  in  the  present  treatment 
is  on  the  surface  dynamics,  and  no  account  is  taken  of  elasto-optic  scattering. 

By  way  of  example.  Figure  10.3  shows  the  anti-Stokes  (frequency 
upshifted)  component  of  the  SBS  spectrum  of  the  (110)  surface  of  the  cubic 
crystal  VC375  for  it,  |  in  the  [iTO]  direction  obtained  by  Zhang  et  al.®’'  Only 
that  part  of  the  spectrum  well  away  from  the  central  peak  is  shown.  The 
dominant  features  in  the  spectrum  are  a  sharp  peak  due  to  the  RW,  and  the 
Lamb  shoulder  continuum,  due  to  the  continuum  of  bulk  modes  that  par¬ 
ticipate  in  surface  scattering.  As  can  be  seen,  the  measured  spectrum  is  well 
accounted  for  by  the  theoretical  spectrum  calculated  from  ItnG^ik^  (o). 

10.2.2.2  Computation  of  Dispersion  Relations 

The  maxima  of  the  surface  Green's  function  (Equation  10.41)  or  the  interfacial 
one  (Equation  10.46)  identify  the  dispersion  relations  for  surface  and  inter¬ 
face  acoustic  modes,  respectively.  These  Green's  functions  are  inversely  pro¬ 
portional  to  the  determinant  det  |  B  |  (see  also  Equation  (10.39);  divergencies 
are  therefore  expected  when 

det|B|=0  (10.47) 

andmaximaarepossibly(butnotexclusively)foundwhendet|B  I  is  minimum. 
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FIGURE  10.3 

Theoretical  and  measured  spectra  of  VCq_75  for  the  [110]  direction  in  the  (110)  surface.  (From 
Zhang,  X  et  al.,  Int  ].  R^rac.  Metals  Hard  Mater,,  16, 303,  1998.  With  permission.) 


Equation  10.47  is  essentially  the  equation  obtained  by  the  approach  pre- 
sented  in  Chapter  1,  which  considers  the  free  motion  of  the  medium  in  the 
absence  of  the  external  forces  and  identifies  the  resonant  frequencies.  The 
meaning  of  the  corresponding  divergences  of  the  Green's  function  is  straight¬ 
forward.  Since  the  model  considered  here  (Equation  10.14)  is  perfectly  elastic 
and  does  not  include  dissipation  mechanisms,  the  response  to  a  resonant 
harmonic  external  force  (Equation  10.13)  is  divergent.  Equation  (10.47)  iden¬ 
tifies  the  true  surface  waves.  Their  displacement  field  vanishes  at  infinite 
depth,  and  typically  falls  off  to  a  negligible  amplitude  within  a  few  wave¬ 
lengths  from  the  surface;  their  power  flow  is  exclusively  parallel  to  the 
surface.  Nondivergent  maxima  of  the  Green's  function  instead  identify 
damped  resonances.  Damping  is  not  provided  by  dissipative  mechanisms, 
but  by  a  component  of  the  power  flow  which  is  perpendicular  to  the  surface 
and  irradiates  part  of  the  wave  energy  towards  the  interior  of  the  medium. 
Such  resonances  are  the  PSAWs,  also  called  leaky  surface  waves  Section  1), 

whose  displacement  field  does  not  vanish  at  infinite  depth,  but  still  behaves 
similarly  to  SAWs  because  the  displacement  field  is  still  mainly  confined 
close  to  the  surface.  In  numerical  computations  divergencies  can  be  avoided 
by  a  simulation  of  a  dissipative  mechanism,  obtained  by  attributing  a  non 
null  imaginary  part  to  the  frequency  co.  Delta  function  resonances  are  thus 
transformed  into  finite  and  broadened  peaks.^® 

The  dispersion  equation  (Equation  10.47)  can  be  solved  for  j  for  fixed  (O. 
The  roots  of  Equation  10.47  located  on  the  real  axis  correspond  to  the 
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true  RWs  and  generalized  Lamb  surface  waves,  while  PS  AW  s  are  attenuated 
by  energy  leakage,  and  correspond  to  complex  values  of  /Cj  |  (pole).^^  The 
velocity  of  the  PSAW  is  determined  by  the  real  part  of  the  reciprocal  of  fcj  | 
(CpsAw=  Mw/fcj  |])  and  the  attenuation  is  given  by  the  imaginary  part 

In  Green's  function  calculations  for  SBS  the  wave  vector  component  fcj  |  is 
kept  fixed  and  the  imaginary  part  of  the  Green's  function  is  calculated  as  a 
function  of  frequency  Itn[G^{(o)].  True  surface  waves,  such  as  the  RW,  show 
up  as  8-function  singularities.  The  RW  corresponds  to  a  singularity  at  co^,  its 
velocity  being  co^/fcn*  For  the  true  surface  waves  the  velocities  obtained  by 
solving  Equation  10.47  or  by  locating  the  divergencies  of  the  Green's  function 
are  identical.  In  Green's  function  calculations  PSAWs  show  up  as  resonances 
of  finite  height  and  width  centered  at  frequency  cOj^ax'  velocity  of 

the  PSAW  is  ®max/^I  r  Th^  higher  the  attenuation  or  the  farther  the 

pole  from  the  real  axis,  the  broader  is  the  PSAW  peak  in  the  Green's  function, 
and  the  higher  is  the  discrepancy  between  the  modal  (Equation  10.47)  and 
Green's  function  solutions  for  PSAW  velocity. 

For  the  surface  of  an  isotropic  half-space  the  Equation  (10.47)  can  be 
written  in  analytical  form.  It  is  the  famous  Rayleigh  equation,  already  ana¬ 
lyzed  in  Chapter  1 


X^-8x*  +  8(3  -  - 16(1-  ?")  =  0  (10.48) 

where  x  =  ^  =  Cg/Cp.  It  can  be  simplified  by  introducing  another 

variable  y  =  ~  8/3 


y  ®  +  Spy +2c]  =  0  (10.49) 

where  p  =  8/9(1  -  6Q  ^^1  q  =  8/3(17/9  -  5C^).  Rayleigh's  equation  was 
derived  more  than  a  century  ago,  but  still  attracts  the  attention  of  research¬ 
ers.®’"*'  Nkemzi“  applied  the  theory  of  Cauchy  integrals  to  derive  an  explicit 
form  for  the  RW  velocity  in  an  elastic  solid.  The  solution  of  Equation  10.49 
derived  by  Lord  Rayleigh  and  discussed  in  Chapter  1  is  the  Rayleigh  surface 
wave  RW  of  velocity  Cp.  The  RW  at  die  stress-free  surface  of  a  solid  is  a 
superposition  of  three  phase-matched  evanescent  waves  that  satisfies  the 
free  surface  boundary  conditions.  The  absence  of  any  power  flow  normal  to 
the  surface  comes  from  the  absence  of  any  incoming  or  outgoing  bulk  waves. 

For  isotropic  solids  Cp  <  Cg,  and  Cp  lies  in  the  range*^  0.87  Cj  <  Cp  <  0.96  Cg. 
Measurements  of  the  Rayleigh  wave  velocity  give  a  lower  bound  for  Cg,  and 
hence  a  lower  bound  for  C^.  The  value  of  C44  can  be  obtained  from  the 
approximate  relation*^ 


0.718 -(c,/cp)^ 
''  0.7S-(c,/c,f 


(10.50) 
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or  using  Poisson's  ratio  v 


0.87  + 1.12V 


(10,51) 


Turning  back  to  Green's  function  calculations,  for  an  isotropic  half-space, 
the  power  spectrum  <|  ^^(ki  .,0))  f  >  can  be  written  in  closed  form^®"^^ 


<|M3(k||,(0)P>  = 


■4(k,|,(o) 


(10.52) 


^3(^1  K®)  — 


KM] 


^KMK\+(K3-^K\) 


(10.53) 


where  k^  =  co/Cp  and  \  =  (n/Cg  are  wave  numbers  for  the  longitudinal  and 
shear  modes  respectively,  and  k  .  =  -  fcj  |  and  k^g^^jK-k^^  are  the  wave 

vector  components  normal  to  the  surface. 

A  PSW  can  be  found  in  the  form  of  a  surface  skimming  longitudinal  wave. 
The  computation  is  performed  considering  in  Equation  10.21  a  harmonic 
force  (Equation  10.13)  directed  along  Xj  instead  of  Xj,  and  computing  the 
longitudinal  power  spectrum'®'^^  <|  M^(k|  |,co)  p> .  The  latter  can  be  written  in 
closed  form  for  isotropic  half-space^ 


Ii(k,  .,(0) 


(10.54) 


Jj(k..,co)  =  Re 


KM. 


^K^Ks^  I  {Kz  i) 


(10.55) 


its  form  being  very  similar  to  that  of  <|  M3(k|  ,,(o)  p>.  This  mode,  called  LLSW 
or  longitudinal  mode  (LM)  (see  Figure  10.4),  does  not  cause  surface  corru¬ 
gations,  but  it  does  interact  with  light  by  the  elasto-optic  mechanism.^^ 
Sandercock^  first  observed  the  LLSW  in  the  Brillouin  spectrum  of  the  (110) 
surface  in  GaAs.  Detailed  studies  of  the  detection  of  LLSW  by  SBS  solid  were 
performed  It  was  shown^  that  the  peak  in  the  longitudinal  spectrum 
corresponds  to  a  leaky  surface  wave;  it  was  found^^  that  when  the  Poisson's 
ratio  V  is  smaller  than  1/3,  the  longitudinal  power  spectrum  <|«^(k|  .,co)p> 
exhibits  a  sharp  and  well-defined  peak,  very  close  to  Cp  (see  Figure  4).  For  v 
>1/3  the  peak  becomes  broader  and  lies  between  2Cs  and  Cp.  Note,  however, 
that  in  the  power  spectrum  for  <|u3(k|  |,(o)p>,  there  is  a  sharp  dip  at  the 
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FIGURE  10.4 

The  factors  Ip  (broken  line)  and  1^  (solid  line)  as  function  of  c/cg  at  fixed  fcj ,  simulated  for  hard 
amorphous  carbon  synthesized  from  (sample  B)  with  elastic  parameters  given  in  Table  2. 
Region  of  c/Cg  with  RW  is  omitted. 

LLSW,  and  so  this  mode  can  also  be  measured  even  if  there  is  only  ripple 
scattering. 

It  must  be  mentioned  that  for  v  <  0.263  the  Rayleigh  equation  has  3  distinct 
real  roots.  One  is  the  RW  velocity,  lying  in  the  (0,  Cj)  interval,  and  another 
one,  out  of  this  interval,  coincides  with  the  longitudinal  velocity  Cp.“ 
Mozhaev  et  al.“  described  this  high  velocity  solution  as  the  Brewster  angle 
reflections  of  homogeneous  (along  the  plane  front)  bulk  acoustic  waves. 
Analytical  expressions  for  the  roots  of  the  Rayleigh  equation  were  derived 
in  several  articles.“'“'®^ 


AU:(see  jq.S  Experimental  Method 

Section  A): 

Sections  10.3.1  Experimental  Setup 

have  been 

renum-  The  most  common  configuration  for  Brillouin  scattering  experiments  is  pre- 
bered:  Are  sented  in  Figure  10.1  Section  A).  The  specimen  is  illuminated  by  a  laser 
you  referring  the  light  scattered  in  a  given  direction  is  collected  and  its  spectrum 

analyzed.  Figure  1  presents  the  usual  configuration  of  backscattering 
Please  con-  which,  as  discussed  below,  is  often  advantageous;  in  volume  Brillouin  scat- 
firm.  tering  other  geometries  are  also  adopted,  in  which  the  collection  direction 
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Frequency  shift  (GHz) 

FIGURE  10.5 

Experimental  Brillouin  spectrum,  at  0  =  70°,  of  amorphous  carbon  synthesized  from  ^60  sample 
B.  (From  Manghnani,  M.H.  et  al.,  Ph/s.  Rev.  B,  6412, 121403,  2001.  With  permissioa) 


forms  an  angle  other  than  180°  (typically  with  the  incidence  direc¬ 

tion.  Other  types  of  configuration  have  sometimes  been  used  and  will  be 
mentioned  below. 

The  common  configuration  will  be  discussed  here  in  some  detail,  although 
not  limited  exclusively  to  the  backscattering  case.  The  incident  laser  light  is 
monochromatic:  it  has  wavelength  (in  vacuum)  Xq,  wave  vector  and  cir¬ 
cular  frequency  Q.  {\q.\  =  and  q.,  being  the  velocity 

of  light).  The  spectrum  of  scattered  light  was  already  introduced  in 
A.  The  most  intense  feature  is  the  sharp  peak  at  due  to  light  elastically 
reflected  by  static  inhomogeneities;  a  weaker  and  much  broader  feature,  still 
centered  at  Q.,  can  be  present.  It  is  due  to  scattering  by  dynamic,  but  non¬ 
traveling,  excitations,  and  is  called  quasi-elastic  scattering  (see  Figure  10.5). 
Scattering  by  dynamic  and  traveling  excitations,  (i.e.,  acoustic  waves)  pro¬ 
duces  symmetric  doublets.  The  scattered  light  collected  along  the  direction 
of  a  wave  vector  q^  interacted  with  an  acoustic  wave,  of  any  kind,  of  wave  vector 

k  =  ±(q^-qj  (10,56) 

the  ±  sign  referring  to  anti-Stokes  and  Stokes  events,  respectively  { Sec¬ 
tion  A),  and  contains  a  doublet  at  frequencies 

=  Q.  ±  0)  (10,57) 
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where  the  ±  sign  refers  again  to  anti-Stokes  and  Stokes  events,  and  co  = 

I  Jt  I  is  the  frequency  of  the  acoustic  wave,  of  velocity  In  the  analysis 
of  Equation  10.57  and  Equation  10.56  the  wide  difference  between  the  veloc¬ 
ity  of  light  and  any  acoustic  velocity  allows  some  simplification, 

10.3.1.1  Scattering  Geometry 

Volume  Brillouin  scattering  is  the  scattering  by  bulk  acoustic  waves  of  velocity 
^acoustr  whore  stands  for  the  velocity  of  any  of  the  three  bulk  waves  P, 

FT,  and  ST  ;  Section  1).  In  this  case  the  optical  wave  vectors  appearing 
in  Equation  10.56  are  those  {q'  and  q')  present  in  the  bulk;  their  directions 
are  determined  by  the  incidence  and  collection  directions  out  of  the  sample, 
and  by  the  refractive  index  n,  with  q'  =n  q-  and  q'  -nq^i  Section  A).  The  AU:  (see 
angular  frequencies  are  (o  =  k,  and  %Jn)ql, 

n)  being  the  light  velocity  in  the  medium,  ^uation  10.56  implies  that  |  k  [ 
can  possibly  be  much  smaller  than  |  q'  \  and  \q'\,  but  not  larger  than  their  ^enum- 
sum.  Since  |  k  |  is  at  most  of  the  same  order  as  |  q'  |  and  |  ^*  | ,  the  ratio  co  bered:  Are 
is  at  most  of  the  order  of  the  ratio  c^^J{c^^Jn)  (i.e.,  at  most  10^  to  KT^)  for  any  you  referring 
physical  values  of  c^^^  and  n).  The  relative  difference  m-  m  / is  therefore 
at  most  of  the  same  order  as  In)  (see  Equation  10.57),  as  well  as 

the  relative  difference  |  q'  -  q'  \  /q'.  The  scattering  event  can  therefore  be 
analyzed  neglecting  the  difference  between  the  magnitudes  of  the  two  mod¬ 
uli:  q'  =  q'  (soo  Section  A).  This  means  that  the  directions  of  q  and  q  '  (i.e., 
the  directions  of  the  incident  and  scattered  beams,  identify  uniquely  the 
scattering  configuration  and  the  acoustic  wave  vector  k).  In  particular,  the 
backscattering  geometry  (q/  =  -q',  and  therefore  q^  =  -q,)  maximizes  the 
modulus  of  k:  in  this  geometry 


k  =  2^n  (10.58) 

^0 

Equation  10.1  accordingly  holds,  and  \q^-  reaches  its  maximum 

achievable  value  of  'IXCacousJ which  is  typically  of  the  order  of  10“®. 

In  SBS  (i.e.,  scattering  by  SAWs),  Equation  10.56  holds  only  for  the  wave 
vector  components  parallel  to  the  surface,  due  to  the  breaking  of  translational 
invariance  in  the  direction  normal  to  the  surface: 

k|l=±(<j,-^,)|l  (10.59) 

Since  Snell's  law  means  that  upon  refraction  both  q^^  |  and  q^.  |  remain 
unchanged.  Equation  10.59  is  conveniently  analyzed  in  terms  of  the  optical 
wave  vectors  (j,.  and  q^  outside  of  the  sample.  Also  in  this  case  their  directions 
determine  the  acoustic  wave  vector  | .  The  scattered  direction  q^  is  conve¬ 
niently  taken  in  the  incidence  plane,  defined  by  q^  and  the  normal  to  the 
surface.  In  this  case  fc|  |  also  belongs  to  the  incidence  plane  and 

k^  I  =  q,{sm  0,-  sin  0^) 


(10.60) 
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6^.  and  0^  being  the  incidence  and  scattering  angles,  referred  to  the  surface 
normal.  In  Equation  10.60  the  sign  of  0,  indicates  forward  (positive  or 
backward  (negative  scattering.  As  already  noted  in  Stfcticn.';  3  and  4  the 
wave  vectors  probed  by  surface  scattering  do  not  depend  on  the  refractive 
index.  The  very  small  upper  limit  for  the  relative  difference  1 -  cji\/ cji 
discussed  above  is  even  smaller  in  SBS;  in  backscattering  (0^  =  -0,),  again  a 
typical  choice  since  it  maximizes  fc|  |, 


^  I  =  2^^  sin  0,.  =  2 — sin  0,  (10.61) 

^0 


Equation  10.4  accordingly  holds,  and  |  -  q',  |  /? ;  =  sin0,,  which 

is  always  (also  for  diamond)  well  below  10^,  down  to  below  lO"*. 

Equation  10.58  and  Equation  10.61  imply  that  in  transparent  or  semitrans¬ 
parent  samples,  in  which  surface  and  volume  scattering  can  be  simulta¬ 
neously  observed,  in  backscattering  the  bulk  acoustic  waves  are  probed  at 
wavelenglh  XJ{ln),  while  the  surface  waves  are  probed  at  wavelength  XJ 
(2sin0,).  Since  the  RW  is  slower  than  bulk  waves,  the  spectral  contributions 
from  surface  waves  and  from  bulk  waves  are  well  separated.  In  any  scatter¬ 
ing  geometry,  and  for  both  types  of  waves,  the  wave  vector  k  or  is 
determined  by  the  scattering  geometry;  the  frequency  (O  is  obtained  by  the 
spectrum  of  the  scattered  light  (  se-.?  Section  B),  and  the  velocity  of  acoustic  AU:  (see 
waves  is  immediately  derived  as  (o/fc  for  bulk  waves  and  (o/fc|  |  for  SAWs. 

It  can  be  mentioned  tfiat  silicon,  with  a  penetration  depth  for  green  light  of  ^een 
=  1  pm,  is  transparent  enough  to  give  a  good  scattering  signal  from  bulk  cerium- 
waves;  from  truly  transparent  materials,  such  as  glass,  the  scattering  volume  bered:  Are 
for  bulk  waves  is  large  and  gives  a  signal  from  bulk  waves  much  more  you  referring 
intense  than  that  from  surface  waves. 

Please  con¬ 
firm 

10.3.1.2  The  Backscattering  Configuration 

A  typical  experimental  set-up  for  a  SBS  measurement  in  backscattering  is 
shown  in  Figure  10.6.  The  laser  beam  is  directed  onto  the  specimen  by  a 
small  mirror,  called  here  the  incidence  mirror,  and  focused  onto  the  specimen 
surface  by  a  lens,  called  here  the  front  lens.  The  same  lens  also  collects  the 
scattered  light,  transforming  the  light  coming  from  the  focusing  spot  into  a 
parallel  beam  that  is  sent  to  die  spectrometer.  Typically,  spatial  filtering  is 
needed  and  is  provided  by  a  pinhole:  the  scattered  beam  is  focused  onto  the 
pinhole  by  a  lens  and  can  then  be  reconverted  to  a  parallel  beam.  On  the 
optical  path  to  the  spectrometer  a  couple  of  steering  mirrors  can  be  inserted 
to  give  additional  degrees  of  freedom,  which  is  useful  for  aligrunent  pur¬ 
poses.  A  similar  configuration  is  obtained  using,  instead  of  the  incidence 
mirror,  a  larger  mirror  that  deflects  all  the  scattered  light  with  a  hole  drilled 
in  it,  the  incident  beam  passing  through  the  hole. 
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LB. 


FIGURE  10.6 

Experimental  setup  in  backscattering.  LB:  laser  beam;  M:  mirror;  FL:  front  lens;  S:  sample,  LI,  P, 
and  L2:  spatial  filtering  by  two  lenses  and  a  pinhole;  FP:  Fabry-Perot  interferometer  (for  sim¬ 
plicity,  a  single  interferometer  is  shown,  instead  of  the  tamdem  multipass  one);  D:  light  detector. 

Beside  the  maximization  of  the  exchanged  wave  vector,  another  advantage 
of  backscattering  emerges  clearly:  a  single  lens  focuses  the  incident  beam 
and  collects  the  scattered  light.  In  any  other  scattering  geometry  two  separate 
lenses  must  be  adopted,  and  their  focal  points  must  coincide  to  high  preci¬ 
sion.  For  this  reason  other  geometries  have  been  adopted  in  volume  scatter¬ 
ing,^®  but  very  rarely  in  SBS.  In  volume  scattering,  due  to  the  finite  extension 
of  the  waist  of  the  focused  incident  beam,  the  requirement  of  coincident  foci 
is  less  stringent  than  in  SBS,  where  the  additional  requirement  of  precise 
coincidence  at  the  surface  must  be  satisfied.  Another  advantage  of  backscat¬ 
tering  is  that,  at  least  for  incidence  not  too  close  to  the  normal,  the  collection 
direction  is  far  from  the  specular  reflection  one,  and  in  the  collected  beam 
the  amount  of  light  that  was  elastically  scattered  is  therefore  minimized. 

Example  1 

Determine  the  range  of  SAW  wavelengths  probed  in  backscattering,  with 
incidence  angle  varying  from  20  to  70°,  and  with:  (a)  the  Xq  =  532-nm 
light  of  a  frequency-doubled  NdrYAG  laser,  and  (b)  the  Xq  =  488-nm  light 
of  the  blue  line  of  an  Ar  ion  laser. 


SOLUTION 

Equation  10.61  states  that 


fc,l  =  2(j,.sin0.  =  2— sine,. 

therefore  Xj  |  =Xo/(2\sin9.).  With  20°  <  0^  <  70°,  we  have  0.342  <  sin  9^  < 
0.940.  For  the  two  cases,  778  nm>Xj  |  >283  nm  and  713nm>X||  >260  nm. 
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Example  2 

Estimate  the  frequencies  of  bulk  acoustic  waves  (if  any)  and  of  SAWs 
probed  in  backscattering,  witii  incidence  angles  of  30°  and  of  70°,  by  the 
Xq  =  514.5  nm  light  of  the  green  line  of  an  Ar  ion  laser,  for  a)  silicon,  b) 
diamond,  c)  aluminum. 

SOLUTION 

From  Example  1,  the  parallel  wavelengths  probed  in  backscattering  with 
Xq  =  514.5  and  0,  =  20°  and  70°,  (i.e.,  sin  =  0.5  and  0.94)  are  j  =  514.5 
and  273.8  nm.  From  Equation  10.58  the  bulk  wavelength  probed  in  back- 
scattering  with  X^j=  514.5  is  X -Xq/ (In)  =  2572/n,  where  n  is  the  refractive 
index.  An  estimate  of  the  frequency  requires  an  estimate  of  the  velocity. 

In  aluminum  only  the  Rayleigh  surface  wave  can  be  observed.  Polycrystal¬ 
line  aluminum  is  isotropic.  From  the  SBS  point  of  view,  if  the  focusing  spot 
of  the  incident  laser  beam  is  smaller  than  a  single  grain,  the  properties  of  that 
grain,  which  is  anisotropic,  are  mainly  probed.  However,  beside  the  possi¬ 
bility  of  focusing  close  to  the  grain  border,  single  grain  properties  can  real¬ 
istically  be  probed  only  with  grains  of  several  tens  of  microns.  The  isotropic 
properties  of  polycrystalline  aluminum  (i.e.,  c^  =  3  km/secec  [see  Chapter  1] 
and  V  ^  0.35)  are  then  considered  here.  It  was  discussed  in  Section  10.3.4  that 
in  the  isotropic  case, 0.870^ <Cj^<  Q.96c^  with  the  approximate  expression  (see 
Equation  10.50)  =  C5(0.87  +  1.12  v)/(l  +  v).  This  gives  respectively  2.61  < 

<2.88  km/secec,  andCj^  =  2.80  km/secec  (the  uncertainty  in  c^,  see  Chapter  1, 
limits  the  precision  of  this  number),  meaning /s^yy=  5.44  and  10.2  GHz. 

Crystalline  diamond  and  silicon  have  cubic  anisotropy.  Cubic  symmetry 
guarantees  the  isotropy  of  quantities  like  the  refractive  index,  represented 
by  tensors  of  rank  2,  but  the  elastic  behavior  is  anisotropic.  Available  values 
or  mass  density,  elastic  constants  and  refractive  index  are,  for  silicon,  p  = 
2.33  X  10^  kg/m^  Ci^=  166  GPa,  79.6  GPa,  64  GPa,  and  n  --  4  (real 
part),  and  for  diamond  p=  3.51  x  10^  kg/m^  1080  GPa,  578  GPa 
and  Ci2=  125  GPa,  and  n  =  2.43.  In  crystalline  media  the  velocities  depend 
on  the  direction,  and  the  usual  formulas  for  bulk  waves,  Cp=  and 

(C44/p)^^  give  the  appropriate  values  only  for  propagation  along  the 
[100]  crystalline  direction.  Sirrdlarly,  the  RW  velocity  is  direction  dependent, 
and  the  above  expressions  are  no  longer  valid.  A  detailed  solution  of  this 
example  would  require  the  analysis  of  the  anisotropic  wave  velocity.  An 
estimate  of  bulk  velocities  can  be  obtained  by  the  isotropic  expressions.  It  can 
be  noted  that,  due  to  the  high  values  of  the  refractive  indexes,  for  incidence 
not  too  far  from  normal  on  a  (100)  face  the  propagation  direction  of  the  probed 
bulk  waves  is  close  to  the  [KX)].  It  can  ^so  be  noted  that  for  propagation 
exactly  along  the  [100]  direction  the  scattering  cross  section  for  tihe  shear 
waves  is  null.  An  even  rougher  estimate  for  the  Rayleigh  velocity  can  be  taken 
as  the  velocity  Cg  of  the  shear  wave  given  by  the  isotropic  formula. 
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With  the  above  values,  c^  =  5.84  km/secec  and  Cp  =  8.44  km/ secec  for 
silicon,  and  c^-  12.83  km/secec  and  Cp  =  17.54  km/secec  for  diamond.  These 
values  of  velocity  give  the  following  estimates:  for  silicon, =  11.3  and 
21.3  GHz  for  the  two  incidence  angles, /5=  91  GHz  and  /p=  131  GHz;  for 
diamond,/s^yy=  24.9  and  46.9  GHz  for  the  two  incidence  angles,/5=  121  GHz 
and  fp  =  166  GHz. 

In  reality,  observed  values  of  the  RW  velocity  Cg^yy  vary  with  the  propaga¬ 
tion  direction,  and  are  closer  to  5  km/secec  for  silicon  and  to  11  km/secec 
for  diamond,^^  with  frequencies  that  are  accordingly  lower. 


AU:  (see 
Section  A): 
Sections 
have  been 
renum¬ 
bered:  Are 
you  referring 
to  Sect. 
10.3.1? 
Please  con¬ 
firm 


10.3.1.3  Other  Scattering  Configurations 

Before  proceeding  in  the  present  analysis,  other  types  of  experimental  con¬ 
figurations  are  briefly  mentioned.  They  have  been  used  in  Brillouin  scatter¬ 
ing  measurements,  but  their  applicability  is  less  general  than  that  of  the 
scheme  considered  here. 

Surface  enhancement  of  Brillouin  scattering  by  the  excitation  of  surface 
plasmon  polaritons  was  Bieoretically  predicted^®'^^  and  observed.^'^^  This 
kind  of  experiment  is  interesting  for  the  physics  because  it  involves  different 
types  of  excitations  and  it  gives  intense  signals.  However,  it  seems  to  be 
restricted  to  the  special  case  of  metal  films  of  40  to  80  nm  thickness  deposited 
on  transparent  substrates. 

Brillouin  scattering  was  observed  in  an  optical  waveguide,  formed  by  a 
transparent  film  surrounded  by  two  media  of  lower  refractive  index  (includ¬ 
ing  vacuum  or  air).  The  light  propagates  in  the  film  by  multiple  total  internal 
reflection,  and  repeatedly  interacts  with  the  acoustic  wave.  In  various  exper- 
iments,^^^  prisms  were  exploited  to  insert  the  laser  beam  into  the  film  and 
then  to  extract  it.  It  can  be  mentioned  that  in  the  widely  used  signal  trans¬ 
mission  in  optical  fibers  (specifically  a  transparent  fiber  surrounded  by  a 
medium  of  lower  refractive  index)  Brillouin  scattering  occurs  as  an 
unwemted  disturbance  to  be  minimized,  since  it  diverts  power  from  the 
signal  and  thus  introduces  a  transmission  loss. 

For  transparent  films  a  simple  and  effective  geometry  was  developed, 
which  allows  simultaneous  collection  of  the  backscattered  light  and  light 
scattered  by  bulk  waves  having  wave  vector  parallel  to  the  film  surface.^'^^ 
The  technique  is  applicable  to  transparent  films  with  a  reflecting  substrate, 
or  on  which  a  metallic  film  has  been  evaporated. 


1 0.3.2  Spectral  Analysis 

The  analysis  of  Brillouin  spectra,  and  especially  of  SBS  spectra,  is  not  a  trivial 
task.  The  collected  light  contains  { -jee  Section  A)  an  intense  elastic  peak 
at  the  incident  frequency  Q.  and  one  (or  more)  weak  doublet  at  frequencies 
12 .  ±  CO.  The  difficulty  arises  from  the  low  intensity  of  the  doublet  and  from 
its  small  relative  frequency  shift.  The  intensity  is  several  orders  of  magmtude 
lower  than  that  of  the  elastic  peak,  and  the  relative  spectral  shift  co/ft-  is,  for 
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SBS,  well  below  10“^,  down  to  10*^  Section  1).  With  green  light  the  AU:  (see 
incident  frequency  is  -6  x  10^^  Hz  and  the  spectral  shift  is  below  30  GHz.  It  Section  1): 
can  be  noted  that  30  GHz  means  exactly  1  cm''^  and  that  typical  frequency 
shifts  observed  in  Raman  scattering  range  from  hundreds  to  thousands  of 
cm‘\  The  smallness  of  the  frequency  shift  prevents  the  analysis  by  dispersive  bered:  Are 
means  such  as  diffraction  gratings;  also,  tike  triple  grating  configurations  do  you  referring 
not  achieve  a  sufficient  resolution. 

Two  methods  have  been  exploited  to  overcome  this  difficulty:  narrow 
bandwidth  tunable  band-pass  filters  and  beating  or  heterodyne  methods, 

Due  to  the  optical  frequency  range,  both  types  of  instruments  have  to  be 
implemented  by  optical  means.  Scanning  multipass  Fabry-Perot  interferom¬ 
eters  achieve  the  required  filtering  performances,  and  have  become  the  stan¬ 
dard  choice.  Most  of  the  experimental  SBS  work  published  in  the  last  decade 
was  performed  by  this  type  of  spectrometer,  which  is  described  here  in  some 
detail.  In  heterodyne  methods  the  beating  is  observed,  resulting  from  mixing 
the  collected  light  with  a  reference  beam.  These  methods  have  advantages 
and  limitations.  However  since  the  limitations  are  severe  for  SBS  applica¬ 
tions,  these  applications  are  seldom  used  and  are  briefly  outlined  at  the  end 
of  this  section. 


10.3.2.1  Multipass  Fabry-Perot  interferometers 

The  Fabry-Perot  interferometer^®  is  an  optical  resonator  that  transmits  only 
the  light  of  its  resonant  wavelength,  and  thus  acts  as  a  band-pass  filter.  Since 
its  resonant  frequency  is  adjustable,  it  can  exploited  to  sccin  the  spectrum  to 
be  measured.  Conventional  Fabry-Perot  interferometers  do  not  achieve  the 
contrast  (the  ratio  of  the  maximum  to  the  minimum  transmissivity)  needed 
to  resolve  the  weak  Brillouin  doublets,  and  especially  the  SBS  doublets. 
Sandercock  first  showed  that  the  contrast  could  be  significantly  improved 
by  multipassing  (see  below)  the  interferometer  His  demonstration,  by  a 
double  pass,  of  the  potential  of  multipassing  prompted  the  development  of 
multipass  Fabry-Perot  interferometers,  with  three  or  five  passes®^  with  a 
maximum  of  seven  passes.^  The  usefulness  of  coupling  two  synchronized 
Fabry-Perot,  avoiding  the  overlapping  of  different  orders  of  interference  (see 
below),  was  also  recognized.  Couples  of  multipass  interferometers  operated 
in  series  were  accordingly  developed:  3+3  passes  with  synchronous  piezo¬ 
electric  scanning®^  and  5  +  4  passes  with  synchronization  obtained  by  a  single 
scanning  stage  common  to  tiie  2  interferometers.®^  The  latter  configuration 
evolved  into  the  3  +  3  passes  tandem  interferometer,®^^^'^  which  has  become 
the  type  of  spectrometer  most  commonly  adopted  in  Brillouin  spectrometry 
A  fully  computer  controlled  version  was  described  recently.®^  For  specialized 
applications  requiring  extreme  resolution,  the  combination  of  a  plane  mul- 
tipassed  Fabry-Perot  and  a  spherical  confocal  one  was  also  adopted.®^ 

The  basic  principles  of  the  operations  of  Fabry-Perot  interferometers  and 
multipass  interferometers  are  summarized  here,  from  the  user’s  point  of  view, 
for  readers  not  familiar  with  optical  instrumentation.  Reference  is  made  to 
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the  mentioned  configuration,  commonly  exploited  for  Brillouin  spectros¬ 
copy.  More  detailed  discussions  can  be  found  in  existing  excellent  reviews, 
both  general^  and  more  specific.^'^^ 

A  single  plane  Fabry-Perot  interferometer  is  an  optical  resonator  (an  opti¬ 
cal  cavity)  formed  by  two  plane  parallel  partially  reflecting  mirrors,  at 
distance  d  from  each  other.  Light  enters  the  cavity  through  one  of  the 
incompletely  reflecting  mirrors,  and  is  reflected  back  and  forth,  part  of  it 
being  leaked  at  each  reflection;  the  light  leaking  from  the  second  mirror  is 
the  transmitted  light.  In  the  multiple  reflection  process  the  intensity  of  the 
wavelengths  that  satisfy  the  constructive  interference  condition  is  enhanced, 
while  all  the  other  wavelenghts  eventually  interfere  destructively  and  decay. 
The  transmitted  light  contains  only  the  wavelengths  whose  intensity  in  the 
cavity  is  high.  For  light  of  wavelength  X  and  frequency  v  =  entering 

the  resonator  with  incidence  normal  to  the  mirrors,  the  constructive  inter¬ 
ference  condition  for  a  *round  trip*  between  the  mirrors  is  Id  =  mX,  where 
m  is  any  positive  integer.  The  equally  spaced  frequencies  v^^^^  vn{c^^y^Jld) 
are  thus  selected,  the  frequency  spacing  being  called  the  free  spectral  range: 
FSR=  /2rf.  For  light  entering  the  resonator  with  non  normal  incidence, 
the  resonance  condition  depends  on  the  incidence  angle,  and  the  interfer¬ 
ometer  acts  as  a  dispersive  device,  selecting  a  different  frequency  for  any 
eingle;  this  configuration  is  not  useful  in  this  context  and  will  not  be  con¬ 
sidered  further. 

More  precisely,  for  normal  incidence  on  mirrors  of  equal  reflectivity  R  the 
phase  delay  (p  between  two  consecutive  round  trips  is  cp  =  2d{2%/X)  =  2d{2%f  / 
%ht)r  and  the  superposition  of  the  infinite  reflections  (having  decreasing 
intensity  due  to  incomplete  reflection)  gives  a  transmitted  intensity 


l  +  R'sin^(cp/2) 

where  R'  =  4R/(1  -  Rf.  The  shape  function  [1  +  R'  sin2((p/2)]~^  is  called  the 
Airy  function;  it  is  a  set  of  equally  spaced  maxima  that  become  sharper  for 
increasing  R.  Its  maxima  (I  =  occur  for  (p/2  =  mn,  which  identify  the 
frequencies  mentioned  above,  and  the  minima  (I  =  fniax/ ^ 
halfway  between  maxima.  The  ratio  of  maximum  to  minimum  trarismission 
is  called  contrast  or  extinction  ratio;  it  is  (1  +  R')  =  (1  +  R^)/(l  -  R^)  and  diverges 
when  R  approaches  unity,  exceeding  100  for  R  >  0.82  and  1000  for  R  >  0.94. 
The  sharpness  of  the  maxima  is  also  an  increasing  function  of  R.  The  common 
cLiaracterization  of  sharpness  by  the  full  width  at  half  maximum  (FWHM)  is 
usually  presented  in  terms  of  the  finesse  F,  defined  as  the  ratio  of  the  distance 
A(p  =  2n  between  consecutive  maxima  to  the  FWHM.  The  Airy  function  gives 
a  finesse  F-n  ^fR/{l  “  ^)/  which  exceeds  30  for  R  >  0.9  and  60  for  R  >  0.95; 
these  values  of  F  can  be  lowered  by  imperfections  of  the  mirrors  and  by 
geometrical  effects  like  the  collection  geometry  discussed  below. 
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Summarizing,  the  Fabry-Perot  interferometer  acts  as  a  band-pass  filter, 
transmitting  all  the  frequencies  that  are  at  equal  spacing  FSR  from  each 
other,  with  bandwidth  FSR/F  around  each  of  them.  High  performance  fil¬ 
tering  requires  high  values  of  the  finesse  F,  in  order  to  have  a  narrow  trans¬ 
mitted  bandwidth,  and  of  the  contrast,  in  order  to  have  a  strong  attenuation 
of  the  nontransmitted  wavelengths.  Both  parameters  are  increasing  functions 
of  the  reflectivity  R,  and,  beside  the  imperfections,  are  limited  because  for 
values  of  R  too  close  to  imity  the  maximum  transmission  declines. 

The  FSR,  and  therefore  the  transmitted  frequencies/^,  can  be  modulated 
by  modulating  the  distance  d  between  the  mirrors.  Accordingly,  the  inter¬ 
ferometer  can  be  operated  as  a  spectrometer  using  one  of  the  transmitted 
frequencies  as  a  narrow  bandwidth  band-pass  filter,  whose  frequency  is 
scanned  across  the  spectral  interval  to  be  measured. 

Operation  of  the  interferometer  as  a  Brillouin  spectrometer  is  accom¬ 
plished  by  first  adjusting  d  to  a  central  value  d  such  that  the  incident Jaser 
frequency  Q./27C  is  transmitted,  and  then  varying  d  around  d:  d  -  d+5d. 
This  means  that  flie  ^th  transmission  peak  coincides  with  the  laser  fre¬ 
quency:  /-  =  m{c^^^/2d)  =  Q./27C  (i.e.,  d  =  m  Xq/I),  the  selected  FSR  is 
2d).  Thqi  d  is  varied,  typically  by  one  order  of  interference  (i.e.,  with  |  od  | 
<  \/2  =  d/m );  the  extrema  of  this  interval  are  easily  identified  by  the  laser 
frequency  being  transmitted  again  by  the  and  transmission  peaks, 
respectively.  By  ti\is  distance  scan  the  /-  transmission  frequency  scans  the 
frequency  range  5Q,/2%=  ±  {Q,./2iz)/tn  =  ±  {Cj^  ht/'^  =  FSR  around  Q./2n. 

With  frequency  shifts  to  be  measured  ranging  from  a  few  gigahertz  to  some 
tens  of  giaghertz,  FSR  of  tens  of  gigahertz  are  the  typical  choice,  meaning 
distances  d  j)f  a  few  millimeters.  With  1 6d  |  <  Xq/2  =  d/m  such  distances 
mean  that  d  /  1 5d  |  =  m  -!(/.  Although  the  frequency  is  inversely  propor¬ 
tional  to  the  distance,  with  such  small  scanning  amplitudes  the  relationship 
be  linearized:  the  relative  accuracy  of  the  linearized  relationship  is  1 5d  |  / 
d  -1/m  and  is  acceptable  in  most  cases. 

The  Fabry-Perot  interferometer  is  thus  operated  as  a  narrow  band-pass 
filter  that  scans  the  frequency  interval  of  interest  Light  is  then  detected  by 
a  photomultiplier;  due  to  the  low  intensity  of  SBS  doublets,  the  photomul¬ 
tiplier  is  typically  operated  in  the  single  photon  counting  mode.  The  distance 
(i.e.,  frequency)  scan  is  usually  performed  by  discrete  steps.  The  distance  is 
kept  fixed  for  a  given  time,  with  photons  being  coimted  and  attributed  to 
that  channel.  The  distance  is  then  changed  to  a  new  value,  and  photons  are 
counted  and  attributed  to  the  new  channel.  The  overall  scanning  amplitude 
is  typically  twice  the  FSR;  the  number  of  channels  into  which  the  scan  is 
subdivided  should  be  correlated  to  the  finesse.  Since  the  filtered  bandwidth 
is  FSR/F,  and  since  the  filter  transfer  function  is  an  Airy  function  (which  is 
similar  to  a  Gaussian),  if  the  number  of  channels  is  significantly  smaller  than 
2F,  the  adjacent  channels  do  not  overlap  and  part  of  the  spectral  information 
is  lost.  On  the  other  hand,  if  the  number  of  channels  is  much  higher  than  2F 
the  adjacent  channels  strongly  overlap,  and  measurement  time  is  consumed 
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to  collect  redundant  data.  The  optimal  number  of  channels  is  therefore  larger, 
but  not  much  larger,  than  twice  the  finesse. 

Since  the  finesse  is  a  parameter  of  each  specific  interferometer  and  is 
independent  of  mirror  distance,  once  the  number  of  channels  is  fixed  the 
only  parameter  to  be  chosen  for  each  measurement  is  the  FSR,  (i.e.,  the  mirror 
distance).  Since  the  spectrum  is  measured  in  the  ±  FSR  interval,  the  optimal 
choice  of  the  FSR  requires  an  estimate  of  the  frequency  of  the  peaks  to  be 
measured.  The  FSR  must  obviously  be  larger  than  the  frequency  to  be  mea¬ 
sured,  but  not  too  much  larger.  As  in  any  measurement,  if  the  adopted  full 
scale  range  is  too  large,  the  resolution  becomes  poor.  As  a  rule  of  thumb,  the 
FSR  should  not  exceed  twice  the  expected  value  of  the  frequency  that  should 
be  measured.  When  performing  sets  of  measurements,  typically  when  mea¬ 
suring  the  spectrum  at  a  set  of  different  incidence  angles,  the  practical 
requirement  of  not  too  often  changing  the  mirror  distance  can  lead  to  a 
partial  relaxation  of  the  above  criterion. 

As  mentioned  above,  the  filtering  efficiency  is  measured  by  the  finesse  and 
the  contrast.  Measurement  of  Brillouin  doublets  has  to  face  the  proximity  of 
the  elastic  peak,  with  more  intense  orders  of  magnitude;  the  contrast  typi¬ 
cally  achievable  by  a  single  Fabry-Perot  is  not  sufficient  to  effectively  filter 
it  off.  Multipassing  is  therefore  adopted.  Passing  the  scattered  light  more 
times  by  the  same  interferometer  increases  both  the  contrast  and  the  finesse, 
although  the  practically  achieved  values  do  not  fully  reach  the  theoretical 
limits  (the  product  of  the  single-pass  contrasts  and  the  sum  of  the  single¬ 
pass  finesses).  Similarly,  tandem  interferometers  are  adopted  because  in  a 
single  interferometer  transmission  simultaneously  occurs  by  the  /- ,  , 

and  transmission  peaks,  resulting  in  overlapping  shifted  replicas  of  the 
same  spectrum  and  making  the  interpretation  of  the  spectra  more  difficult. 
Two  interferometers  having  slightly  different  FSR  can  be  synchronously 

scanned,  keeping  their  /-  transmission  peaks  coincident,  with  a  high  overall 

transmissivity;  due  to  the  different  values  of  the  FSR,  if  the  /-  transmission 
peaks  coincide  and  the  and  peaks  of  the  two  interferometers  do 
not  coincide,  each  of  the  interferometers  cancels  these  transmission  peaks  of 
the  other,  avoiding  replication  of  spectra. 

In  practice,  full  consideration  of  the  detailed  operation  of  a  tandem  mul¬ 
tipass  interferometer  is  not  required.  Such  an  interferometer,  when  properly 
S)mchronized,  behaves  as  a  peculiar  single  interferometer  in  which  transmis¬ 
sion  from  adjacent  orders  is  almost  completely  suppressed,  and  which 
achieves  high  values  of  contrast  and  finesse,  not  realistically  achievable  by 
a  single  pass.  The  not  perfect  suppression  shows  up  by  the  partial  transmis¬ 
sion  of  the  intense  laser  light.  This  occurs  at  the  extremes  of  the  FSR,  when 
only  one  of  the  interferometers  does  not  transmit  the  laser  frequency,  giving 
rise  to  the  instrumental  ghosts  typical  of  Fabry-Perot  spectrometers.  These 
ghosts,  at  ±  FSR,  can  be  usefully  exploited  for  calibration  purposes  once  the 
distance  among  the  mirrors  is  known.  Operationally,  for  each  measurement 
two  parameters  have  to  be  set:  the  number  of  channels  and  the  FSR.  The 
number  of  channels  being  optimally  set  at  or  above  twice  the  finesse,  and 
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the  finesse  achievable  by  a  multipass  Fabry-Perot  being  of  the  order  of  100, 
nunnbers  of  channels  of  256  or  512  are  typical  choices.  The  FSR  should  instead 
be  set,  exactly  as  for  a  single^pass  interferometer,  above  the  expected  frequency 
of  the  spectral  feature  to  be  measured,  but  not  above  twice  or  three  times  it 
It  should  finally  be  mentioned  tiiat  operational  modes  slightly  different 
from  that  outlined  here  can  be  useful  for  specific  applications.  For  instance, 
frequency  scanning  by  more  than  one  FSR  can  be  useful  for  high  accuracy 
measurement  of  a  peak  frequency,  when  this  frequency  is  already  approxi¬ 
mately  known.^° 

Example  3 

Evaluate  the  mirror  distances  to  be  adopted  for  the  measurement  of 
SAWs  and  respectively  bulk  acoustic  waves  (if  any),  for  measurements 
performed  in  backscattering,  with  incidence  angles  of  30  and  of  70®,  by 
the  Xo=  514.5-nm  light  of  the  green  line  of  an  Ar  ion  laser,  for  (a)  silicon, 

(b)  diamond,  (c)  aluminum, 

SOLUTION 

The  evaluation  is  a  straightforward  consequence  of  the  estimates  of  Ex¬ 
ample  2.  Since  FSR  =  Cj.^J2d  and,  in  the  most  common  case,  the  FSR 
coincides  with  the  full  scale  range  of  the  measurements,  d  is  immediately 
obtained  keeping  in  mind  that  the  numbers  obtained  in  example  2  were 
only  estimates.  ]n  order  to  observe  the  bulk  waves  in  silicon  and  dia¬ 
mond,  appropriate  choices  of  the  FSR  could  be  at  least  150  and  200  GHz, 
meaning  a  of  at  most  1  mm  and  0.75  mm,  respectively.  With  these 
values  of  the  FSR  the  RW  can  still  be  observed,  but  with  a  relatively  poor 
resolution.  In  order  to  better  measure  the  RW  of  the  three  materials,  more 
appropriate  choices  of  the  FSR  could  be  around  60,  30,  and  15  GHz 
respectively,  meaning  a  d  of  2.5,  5,  and  10  mm. 

10.3.2.2  Optical  Beating  Methods 

Optical  beating  methods  are  based  on  the  heterodyne  detection  technique.®® 
The  scattered  light  is  mixed,  by  beam  splitters,  with  a  reference  beam  derived 
from  the  incident  beam,  and  the  beating  resulting  from  the  interference  of 
the  two  beams  is  observed.  The  measured  signal  is  accordingly  shifted  to  a 
frequency  accessible  by  high-speed  optical  sensors,  and  frequency  resolution 
becomes  possible,  which  is  much  better  than  that  achieved  by  optical  filter¬ 
ing.  After  the  method  was  first  proposed,  the  first  observation  of  a  spectrum 
containing  a  Brillouin  doublet  from  bulk  waves  was  limited  to  frequencies 
below  100  MHz.  A  variant  of  the  method  achieved  very  high  resolution,  but 
remained  limited  to  a  few  hundred  megahertz.  Scattering  by  surface  waves 
was  later  observed  in  this  frequency  range.  The  upper  frequency  limit  was 
extended  to  800  MHz  and  to  1.7  GHz;  more  recently,  by  a  more  complex 
superheterodyne  technique®^  a  frequency  range  extending  from  10  MHz 
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to  3  GHz,  with  very  high  frequency  resolution,  was  achieved.  The  optical 
beating  nnethods  intrinsically  have  a  very  small  collection  solid  angle;  since 
the  collected  light  must  interfere  with  a  reference  beam,  its  wave  vector 
must  have  a  well-defined  direction.  This  gives  a  good  resolution  and 
allows  the  good  frequency  resolution,  but  with  the  usually  weak  surface 
scattering  signals  the  larger  collection  angle  allowed  by  filtering  methods  is 
typically  necessary  to  gather  a  sufficient  signal.  The  optical  beating  methods 
remain  essentially  devoted  to  transparent  media,  either  solid  or  liquid.®® 

10.3.3  Nonideality  of  the  Scattering  Configuration 

A  further  step  in  the  analysis  of  the  experimental  setup  involves  the  consid¬ 
eration  of  its  geometrical  nonidealities,  which  are  at  the  origin  of  experimen¬ 
tal  uncertainties  and  of  the  broadening  of  spectral  peaks.  The  analysis  is 
presented  mainly  with  reference  to  the  case  of  backscattering  from  SAWs. 
Indications  concerning  scattering  by  SAWs  in  other  geometries  and  scatter¬ 
ing  by  bulk  waves  are  also  given. 

10.3.3. 1  Geometrical  Imperfections 

First,  for  the  scattering  geometry,  the  values  of  the  incidence  and  scattering 
angles  (see  Equation  10.60)  are  known  with  finite  accuracy.  For  both  volume 
and  surface  scattering  the  backscattering  configuration  exploiting  a  single 
lens  is  better  suited  to  minimize  this  error.'*®-®®  Once  the  alignment  of  the 
incidence  mirror  and  the  front  lens  is  carefully  performed  (see  next  section) 
the  coincidence  of  the  incident  and  scattered  direction  is  automatically 
obtained,  and  the  measurement  uncertainties  concern  only  the  incidence 
angle  0,.  A  given  9,  is  obtained  by  specimen  rotation  from  a  reference  position. 
Rotators  are  available  by  which  rotations  can  be  performed  and  measured 
with  accuracy  better  tiian  0.1  mrad;  the  error  in  0,.  is  essentially  the  error  in 
the  identification  of  the  reference  position.  A  practical  reference  position  is 
normal  incidence,  identified  by  the  perfect  superposition  of  incident  and 
reflected  beams.  By  common  procedures  the  exact  superposition  is  typically 
found  with  an  uncertainty  in  0,  of  at  most  80,  =  0.2°  =  3.5  mrad.®®  This  means 
a  relative  uncertciinty  in  fc|  |  of  (see  Equation  10.61)  5k|  |  //C||  =  (3fc|  |  /O0,)  80,/ 
Jt.  =  80,/tan0,.,  which  is  nearly  1%  at  0,=  20°,  decreases  to  0.6%  at  0,.=  30°, 
and  falls  to  0.13%  at  0,=  70°.  This  uncertainty  contributes  to  the  xmcertainty 
of  the  measured  velocity.  Its  reduction  requires  some  specific  setup,  (e.g.,  a 
sufficiently  long  optical  path  with  pinholes).  The  imcertainty  80,  can  thus  be 
lowered  to  around  0.5  mrad,  meaning  that  the  relative  uncertainty  8qf n  I  lo 
is  reduced  to  0.14%  at  0,=  20°  and  0.1%  at  0,.=3O°,  down  to  0.02%  at  0,.=  70°. 

10.3.3.2  Finite  Collection  Angle 

In  the  outline  presented  above  the  wave  vectors  q^  and  q^  were  implicitly 
treated  as  perfectly  determined  vectors,  implying  a  perfectly  defined  wave 
vector  ]t||.  In  reality,  as  it  is  discussed  below  and  as  it  can  be  seen  from 


1 462_C10,fm  Page  615  Friday,  October  3, 2003  9:55  PM 


Brillouin  Scattering  Measurement  of  Saw  Velocities 


615 


Figure  6,  both  q.  and  q^  lie  within  cones  around  their  nominal  values  and 
correspond  to  a  whole  range  of  wave  vectors  fcj  j . 

The  incident  beam  is  focused  onto  the  sample,  because  otherwise  the 
optical  power  density  is  not  sufficient  to  give  a  detectable  scattered  signal. 
Due  to  the  finite  width  of  the  laser  beam,  after  focusing  the  incident  beam 
contains  all  the  wave  vectors  of  given  |  q^  \  lying  in  a  cone  around  the 
nominal  incidence  direction.  More  importantly,  the  front  lens  collects  scat¬ 
tered  light  with  all  the  directions  of  q^  falling  within  the  solid  angle  Q. 
delimited  by  the  lens  aperture  (i.e.,  with  all  the  wave  vectors  within  a  cone 
around  the  nominal  collection  direction;  see  Figure  10.6).  Due  to  the  small 
width  of  the  laser  beam  the  spread  of  q^  is  a  minor  effect,  while  the  spread 
of  q^  can  be  significant,  since  a  wider  collection  angle  means  a  higher  signal 
intensity.  A  sufficiently  accurate  analysis  can  be  performed  considering  only 
the  spread  of  q^, 

A  first  consideration  concerns  the  axis  of  the  collection  cone,  (i.e.,  the 
nominal  scattering  direction).  The  normal  incidence  can  be  identified  as 
mentioned  above  by  the  perfect  superposition  of  incident  and  reflected 
beams,  but  can  also  be  found  with  superposed  beams  not  passing  through 
the  center  of  the  front  lens.  In  that  case  the  axis  of  the  collection  cone,  which 
passes  through  the  center  of  the  lens,  does  not  coincide  with  the  incidence 
direction:  backscattering  is  not  perfectly  achieved,  an  error  50^  being  present 
in  the  scattered  direction  alone.  This  error  gives  a  relative  uncertainty  in  fcj  j, 
evaluated  for  a  fixed  0-,  of  (see  Equation  10.60)  8fc|  |  /fcj  |=  (Ofcj  j  /dQ)  59yit|  j  = 
80y(2tan0.).  The  same  type  of  error  occurs  when  the  alignment  of  the  col¬ 
lected  light  beam  with  the  optical  axis  of  the  interferometer  is  not  perfect.  If 
this  is  the  case,  the  finite  apertures  on  the  optical  path  of  the  interferometer 
can  clip  the  light  beam  asymmetrically  with  respect  to  the  beam  axis.  The 
light  that  is  eventually  analyzed  is  collected  not  symmetrically  around  the 
incidence  direction. 

This  type  of  error  is  not  easily  detected,  although  it  can  be  significant.  An 
iris  diaphragm  mounted  on  the  front  lens  can  be  of  great  help  in  the  proce¬ 
dure  of  centering  the  beams. 

A  second  consideration  concerns  the  aperture  of  the  collection  cone.  The 
lens,  of  numerical  aperture  N.A.,  collects  all  the  wave  vectors  q^  whose 
direction  differs  from  the  nominal  one  by  an  angle  smaller  than  Yiens  ~ 
arctan[l/(2  N.A.)];  with  a  lens  of  aperture  f/2  the  collection  cone  has  a 
semiangle  Yens  (1/4)  radian  -  14®,  which  is  reduced  to  Yens (l/H)  radian 
--  5®  for  a  lens  of  aperture  f/5.6.  When  a  wide  lens  aperture  is  adopted  the 
whole  optical  path,  also  within  the  interferometer,  should  be  considered. 
Other  finite  apertures  can  be  present,  which  can  limit  the  collected  light  beam 
to  a  diameter  smaller  than  that  accepted  by  the  front  lens. 

The  wave  vectors  q^  belonging  to  the  collection  solid  angle  are  the 
outcome  of  interactions  with  SAWs  whose  wave  vectors  fc|  |,  determined  by 
Equation  (59),  belong  to  a  whole  region  in  the  kj  j  plane  This  region  is 
symmetrically  located  around  the  incidence  plane;  the  average  <itj  |>^j  of  the 
wave  vectors  belonging  to  it  can  be  computed  integrating  over  the  solid 
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angle  Q,  and  weighting  each  value  of  A:|  |  by  the  corresponding  cross  section 
da/dQ,  which  is  a  function  of  both  q.  and  q^.^ 


j(qi-q.)i 


^q(q./qr) 

'll  dQ 


f^o(q.rqJ 

J  do. 


(10.62) 


The  cross  section  for  scattering  by  the  ripple  effect  alone  from  an  isotropic 
solid  can  be  expressed  in  closed  form.^°'^®'^^  If  the  elasto-optic  mechanism  is 
not  negligible,  the  cross  section  is  instead  a  function  of  the  strain  field  within 
the  material,  and  its  evaluation  is  computationally  much  more  expensive 
and  requires  the  elasto-optic  coefficients  of  the  material,  which  are  seldom 
known.  An  average  value  <fc|  |>g,  which  only  takes  into  account  geometric 
effects,^  can  be  computed  in  a  simpler  way  by  ignoring  the  dependence  of 
do /da  on  fe,:  <k,^>g=  1”  integration,  as  well  as  in  that 

of  Equation  10.62,  the  small  solid  angle  intercepted  by  the  incidence  mirror 
(or  by  any  other  means  exploited  to  direct  the  incident  beam  onto  the  sample) 
should  be  eliminated  from  the  integration  solid  angle;  the  scattered  light 
impinging  on  it  is  reflected  back  towards  the  laser  and  is  not  collected.^ 

It  should  be  noted  that  the  relatior\ship  between  q^  and  |  is  nonlinear, 
since  it  involves  a  projection,  (i.e.,  a  trigonometric  function).  As  a  conse¬ 
quence,  although  the  collection  cone  has  perfect  rotation  symmetry  around 
the  nominal  collection  direction,  meaning  that  the  average  collection  direc¬ 
tion  coincides  with  the  nominal  one,  the  averages  <fc|  |>o  and  |>y  do  not 
coincide  with  the  nominal  value  of  it,  |,  given  by  Equation  10.61.  Due  to  the 
reflection  symmetry  with  respect  to  tne  incidence  plane  the  averages  <1^|  |><j 
and  <lt|  |>y  still  belong  to  the  incidence  plane  itself,  but  their  modulus  is  not 
exactly  given  by  Equation  10.61.  The  difference  can  be  appreciated  in  sim¬ 
plified  way  evaluating  1 1  by  considering,  instead  of  the  whole  solid  angle 
£2  (Equation  10.62),  only  the  collected  wave  vectors  belonging  to  the  inci¬ 
dence  plane.  This  subset  of  collected  wave  vectors  is  significant,  because  it 
includes  the  minimum  and  tfie  maximum  of  all  the  collected  and  is  easily 
analyzed,  because  it  is  the  set  of  wave  vectors  for  which  Equation  10.60 
holds.  It  is  the  set  of  wave  vectors  for  which  0,  lies  in  the  interval  (-0,  -  Yiens/ 
- 0_.+  Yfens);  accordingly,  the  values  of  k^  |  are  spread  over  the  interval 


^(sin0,-sin(-0,.  ±Y^))  =  2|^sin0, 

A.Q 


1± 


tan0. 


(10.63) 
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and  the  relative  difference  between  this  value  and  the  nominal  one  given  by 
Equation  10.61  is 


Y,_. 


-1 


-^yL+ 


iYL+-(Vfe„>  radians) 


which  does  not  depend  on  0.  and  can  be  not  negligible  when  the  best 
accuracy  is  needed  with  wide  lens  apertures.  Similar  conclusions  are  reached 
by  the  full  integration  of  Equation  10.62.^ 


10.3,3.3  Instrumental  Peak  Width 

The  finite  collection  aperture  also  gives  the  main  contribution  to  tiie  instru¬ 
mental  width  of  the  spectral  peaks.  An  estimate  is  straightforwardly  obtained 
in  the  simple  case  of  a  SAW  propagating  with  velocity  CgAw  independent  of 
wavelength  (a  nondispersive  SAW).  In  this  case  each  collected  wave  vector 
corresponds  to  a  circular  frequency  co  =  \k,^  \,  and  the  spread  of  the 

frequencies  is  simply  proportional  to  the  spread  of  wave  vectors  given  by 
Equation  10.63.  In  a  more  detailed  analysis,  still  in  the  case  of  a  SAW  prop¬ 
agating  with  velocity  independent  of  wavelength  and  of  the  propagation 

direction,  the  actual  spectrum  of  the  collected  light  can  be  predicted  by  a 
procedure  analogous  to  the  integration  of  Equation  10.62.^'^®  The  collection 
angle  Q  is  subdivided  in  infirdtesimal  angles  dQ,  each  one  corresponding  to 
a  specific  direction  of  (i.e.,  to  a  specific  value  of  fcj  |).  Each  infinitesimal 
angle  contributes  to  the  spectrum  of  the  collected  lignt  an  elemental  peak 
centered  at  (O  =  I  ^1 1  I  •  Th^  superposition  of  all  the  elemental  peaks, 
possibly  weighted  by  the  corresponding  scattering  cross  sections,  supplies 
the  spectrum  of  the  collected  light. 

If  the  SAW  velocity  depends  on  wavelength  or  on  the  propagation  direc¬ 
tion,  the  spread  in  the  value  of  the  velocity  further  contributes  to  the  spread 
of  the  frequencies  of  the  elemental  peaks.  Other  minor  contributions  to 
spectral  broadening  come  from  the  finite  width  of  the  laser  beam  and  from 
its  finite  spectral  purity.  In  the  above  prediction  procedure,  if  the  intrinsic 
width  of  the  spectral  line  corresponding  to  the  acoustic  mode  is  small,  the 
width  of  each  elemental  peak  is  negligible,  and  the  width  of  the  measured 
peak  is  essentially  the  instrumental  width.  If  instead  the  spectral  line  is 
broadened,  by,  for  example,  scattering  or  damping  processes,  each  elemental 
peak  has  a  finite  width,  and  the  width  of  the  measured  peak  is  the  outcome 
of  both  the  intrinsic  and  the  instrumental  width.  This  should  be  taken  into 
account  when  the  line  width  has  to  be  measured  (e.g.,  to  assess  damping 
coefficients). 

A  slit  is  sometimes  inserted  in  the  collected  light  beam.^  The  collection 
solid  angle  is  thus  reduced,  achieving  a  significant  reduction  of  both  the 
difference  between  the  average  and  the  nominal  fcj  j  and  the  spread  of  A:,  j. 
The  instrumental  peak  width  is  thus  significantly  reduced,  at  the  cost  or  a 
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significant  reduction  of  collected  intensity,  meaning  an  increase  in  measure¬ 
ment  times. 

For  scattering  by  bulk  waves  the  situation  is  slightly  different.  Projection 
of  the  wave  vectors  onto  the  surface  is  not  involved;  this  implies  that  because 
of  the  perfect  rotational  symmetry  of  the  collection  cone  around  the  nominal 
collection  direction,  the  exchanged  wave  vectors  are  distributed  with  cylin¬ 
drical  symmetry  around  the  nominal  one.  The  average  exchanged  wave 
vector  <fc>  has  therefore  the  same  direction  as  the  nominal  one.  However 
all  the  wave  vectors  in  the  collection  cone,  except  the  nominal  one,  are  not 
perfectly  opposite  to  the  incident  wave  vector,  meaning  that  the  exchanged 
wave  vectors  have  a  modulus  slightly  smaller  than  the  nominal  one  (see 
Equation  10.56).  Therefore  the  finite  collection  angle  causes  a  broadening  of 
the  spectral  peak,  with  a  shift  in  its  center  of  mass.®^ 


AU;  (see 
Section  1): 
Sections 
have  been 
renum¬ 
bered:  Are 
you  referring 
to  Sect. 
10.3.2.1? 
Please  con¬ 
firm 


10.3.3.4  Measurement  Accuracy 

The  overall  precision  and  accuracy  can  be  assessed  by  summarizing  the 
above  observations.  First,  the  scattered  intensity  is  measured  by  photon 
counting  after  narrow  band-pass  filtering  by  the  Fabry-Perot  interferometer 
(see  above).  Due  to  the  weakness  of  Brillouin  doublets  the  count  rates  can 
be  very  small  (count  rates  of  tens  of  counts  per  seconds  are  not  rare)  such 
that  the  total  count  numbers  can  be  rather  low.  With  low  count  numbers  the 
intrinsically  statistical  nature  of  photon  counting  has  evident  consequences. 
For  each  channel  of  the  spectrum  analyzer  the  photon  count  n  is  a  statistical 
variable;  since  the  intensity  is  stationary  it  is  the  outcome  of  a  Poissonian 
process  which  has  an  intrinsic  variance  of  4n  .  The  relative  variance  ^^n  / n 
is  therefore  a  slowly  decreasing  function  of  the  count  number.  This  gives  the 
spectra  a  granular  or  noisy  appearance;  the  relative  amplitude  of  tihe  noise 
band  in  the  spectra  can  only  be  decreased  by  increasing  the  measurement 
time.  Since  the  decrease  is  slow,  the  advantage  of  a  better  definition  of  the 
spectrum  has  to  be  assessed  against  the  increased  measurement  time.  The 
central  frequency  co  of  a  spectral  peak  is  typically  found  by  fitting  a  prede¬ 
termined  line  shape;  the  uncertainty  5co  associated  with  the  fitting  procedure 
can  typically  be  obtained  by  the  procedure  itself.  It  was  mentioned  in  Section 
1  that  the  most  efficient  number  of  spectral  channels  is  of  the  order  of  twice 
the  finesse.  The  uncertainty  in  the  identification  of  the  central  frequency  of 
a  peak  is  typically  below  one  channel,  meaning  that  with  a  finesse  of  the 
order  of  100  the  uncertainty  in  the  frequency  measurement  due  to  the  photon 
counting  process  is  of  the  order  of  a  fraction  of  a  percent.  This  uncertainty, 
although  immediately  evident,  may  not  be  the  main  cause  of  uncertainty.  A 
comparable  uncertainty  comes  from  the  calibration  of  the  frequency  scale. 
The  most  common  calibration  procedures  are  the  measurement  of  a  reference 
peak  of  known  frequency  and  the  attribution  of  the  FSR  frequency  to  the 
position  of  the  ghosts.  Both  procedures  involve  the  determination  of  the 
position  of  a  spectral  feature,  which  is  affected  by  the  same  type  of  uncer¬ 
tainty  discussed  above. 
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Geometrical  imperfections,  whose  effect  is  intrinsically  deterministic,  must 
also  be  analyzed  in  statistical  terms  because  imperfections  are,  by  definition, 
not  known.  If  0.  is  measured  with  an  uncertainty  for  which  an  upper  bound 
86  ■  can  be  assigned,  the  value  of  fc.  |  is  known  to  a  relative  uncertainty,  which 
in  backscattering  is  Sfcj  j  //Cj  |=50  .ytan0.,  as  shown  above.  The  backscattering 
geometry  is  generally  the  configuration  that  optimizes  the  accuracy  of  /Cj  j. 
Remembering  that  fcj  j  =  (sin0^-  sin6^)  (Equation  10.60),  where  0 .  is  positive 

and  6^  is  taken  positive  in  forward  scattering  and  negative  in  backward 
scattering,  in  the  latter  case  fcj  j  is  the  sum  of  two  terms  of  the  same  sign  (in 
particular  in  backscattering  0^= -6^  and  the  two  contributions  have  identical 
weight);  in  forward  scattering  fcj  j  is  significantly  smaller,  being  the  sum  of 
two  terms  of  the  opposite  sign.  Since  the  imcertainties  8fcj  |  are  the  same,  the 
relative  uncertainty  8fcj  j  /fcj  |  is  much  worse  in  forward  scattering.  Further¬ 
more,  all  the  configurations  other  than  backscattering  require  separate  inci¬ 
dence  and  collection  optics,  introducing  additional  error  causes. 

The  finite  collection  angle  has  the  deterministic  effect  discussed  in  ik^ikyn  AU:  ..in  Sec- 
2.  It  leads  to  a  spread  of  the  fcj  j  values  (Equation  10.63),  which  affects  the 
precision,  since  it  increases  the  uncertainty  in  the  identification  of  the  central  renum- 

frequency  of  the  spectral  peak.  More  importantly,  it  affects  the  accuracy,  bered.To 
because  the  average  exchanged  wave  vector  <fcj  |  >^  or  <fc|  |  is  shifted  from  which  see¬ 
the  nominal  one  jq  (Equation  10.64)).  The  relative  difference  can  reach  0.5%  tion  are  you 
for  an  f/2  lens  aperture,  and  is  reduced  well  below  0.1%  for  an  f/5.6  lens  metering? 
aperture.  As  discussed  in  joj 2,  this  shift  can  be  computed  and  corrected 
for;  it  can  also  be  strongly  reduced  by  the  adoption  of  a  slit.  However,  in  the 
case  of  the  slit  the  simple  estimates  of  Equation  10.63  and  Equation  10.64 
are  no  longer  fully  significant,  because  the  subset  of  wave  vectors  considered 
by  these  equations  is  no  longer  fully  representative,  and  the  full  computation 
of  <fc|  |>  must  be  considered. 

Since  CgAw^  co/fcj  j,  uncertainties  5co  and  8fcj  j  induce  velocity  uncertainties 
ScgAw  of  the  measured  velocity  such  that  |8csaw/CsawI  “  |8<o/(ol  and  |5cs^w/ 

^sAw  I  =  1 5^1 1  1 1  •  "^0  geometrical  causes  of  bias  and  uncertainty  are  sum¬ 

marized  and  quantitatively  evaluated  in  Table  10.1.  Geometrical  imperfec¬ 
tions  give  relative  uncertainties  \bv/v\  proportional  to  l/tan0.,  and  are 


TABLE  10.1 


Summaiy  of  the  Geometrical  Sources  of  Error  in  SBS  Measurements 


Cause 

Effect 

Primary 

Uncertainty 

Velocity 
Uncertainty  8c/c 
{%) 

Error  in  66^ 

5fc||A||o=8e,/tanei 

0.5  +  3.5  mrad 

0.09+0.61  (0^=30°) 
0.02+0.13  (0^=70°) 

Error  in  0^:  66^ 

S/:||A||o=80,/(2tane,) 

60^=  5  -«*  10  mrad 

0.43  +  0.86  (0.=  3O‘^) 
0.09+0.18  (Q.=  70^) 

Collection  angle 

<*!  |>  5^fc||0 

Lens  aperture  =  f/2 
+  f/5.6 

0.1  +  0.5 
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therefore  more  severe  at  small  6^.  In  Table  10.1  estimates  are  given  at  the 
extremes  of  the  commonly  adopted  interval  6^  =  30°  ^  70°.  It  can  be  noted 
that  at  large  incidence  angles  and  for  the  lower  bounds  of  the  primary 
uncertainties  (meaning  accurate  alignment  and  positioning  procedures)  the 
uncertainties  in  the  velocity  indicated  in  Table  10.1  are  smaller  than  the 
intrinsically  statistical  ones,  which  have  therefore  a  dominant  role.  Instead, 
for  small  incidence  angles  and  for  the  upper  bounds  of  the  primary  uncer¬ 
tainties  (meaning  not  very  accurate  alignment  and  positioning  procedures) 
the  uncertainties  of  Table  1  are  larger  than  the  statistical  ones,  and  are 
therefore  the  limiting  factor  for  measurement  accuracy. 

10,3.4  Derivation  of  the  Elastic  Constants 

A  single  Brillouin  spectrum  gives  the  circular  frequencies  (O  of  the  observable 
spectral  peaks.  As  discussed  in  Section  10.3.1.1  the  scattering  geometry  and 
the  laser  wavelength  fully  determine  the  wave  vector  kj.  exchanged  with 
SAWs  (see  Equation  10.61)  for  the  backscattering  case),  while  the  wave  vector 
k  exchanged  with  bulk  waves  also  depends  on  the  refractive  index  n  (see 
Equation  10.58)  for  the  backscattering  case).  The  velocities  of  SAWs  and  of 
bulk  waves  are  immediately  obtained  as  ca/fc||  and  co/fc,  respectively.  Dif¬ 
ferent  values  of  k  can  be  obtained  by  different  scattering  geometries,  but  this 
is  seldom  necessary  since  the  bulk  wave  velocities  do  not  depend  on  the 
modulus  of  Jk,  although  they  can  depend  on  its  direction.  Different  values  of 
kj  I  are  obtained  with  the  same  backscattering  geometry  by  simply  changing 
the  incidence  angle.  The  dispersion  relation  |)  measured,  and 

this  is  often  useful  since  SAW  velocities  can  depend  on  fcj  j.  However,  since 
measurements  with  an  incidence  angle  close  to  zero  are  not  practical  (elasti¬ 
cally  reflected  light  becomes  very  intense  because  the  scattered  direction  is  too 
close  to  the  specular  reflection,  and  the  effect  of  geometrical  inaccuracies 
becomes  more  relevant,  see  Section  10.3.3.),  with  the  standard  configuration 
the  range  of  fej  j  that  can  be  explored  does  not  exceed  a  factor  of  3.  An  exper¬ 
imental  procedure  to  overcome  this  limitation  was  recently  developed.^^ 

Scattering  by  bulk  waves  has  been  extensively  used  to  measure  the  elastic 
properties  and  the  elasto-optic  constants  of  bulk  samples  of  nonmetallic 
materials.^'^^'^®'^^  In  the  simplest  case  of  isotropic  materials  the  velocities  of 
longitudinal  and  transverse  (primary  and  secondary)  waves  are  simply 
given  by  ^C^i/p  and  ^C^  /pr  respectively,  and  the  two  moduli  are  immedi¬ 
ately  obtained  when  both  ^e  P  and  S  peaks  are  measured,  and  when  the 
mass  density  is  known.  For  crystalline  materials  the  number  of  independent 
elastic  constants  is  higher,  and  measurements  with  different  directions  of  fc, 
possibly  requiring  crystals  with  different  cuts,  can  be  needed. 

The  analysis  of  scattering  by  SAWs  depends  on  the  nature  of  the  sample. 
The  cases  of  the  semi-infinite  homogeneous  medium  and  of  a  supported  film 
are  the  most  relevant,  and  are  considered  here.  It  must  be  remembered  (see 
Section  10.3.1.1)  that  in  backscattering  the  bulk  waves  are  probed  at  wave¬ 
length  Xo/(2n)  (see  Equation  10.58),  which  is  a  fraction  of  a  micrometer,  and 
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that  SAWs  are  probed  at  parallel  wavelength  XQ/(2sin0.)  (see  Equation  10.61), 
which  is  larger  but  still  smaller  than  a  micrometer  (wi^  the  usually  adopted 
green  light  and  with  incidence  not  too  close  to  normal).  In  supported  films 
having  thickness  larger  than  a  couple  of  micrometers,  or  even  less,  these 
wavelengths  imply  that  bulk  waves  are  already  fully  present  and  can  be 
detected  if  the  film  is  transparent  enough.  They  also  imply  that  since  the 
decay  depth  of  the  RW  is  the  same  as  the  wavelengOi,  the  displacement  field 
of  the  RW  hardly  reaches  the  substrate,  meaning  that  such  a  wave  is  almost 
unaffected  by  the  substrate.  In  other  words,  when  the  film  thickness  exceeds 
1  Im,  or  little  more  than  that,  the  presence  of  the  substrate  becomes  irrelevant, 
and  the  data  analysis  can  be  performed  as  for  a  semi-infinite  medium  (i.e., 
a  bare  substrate).^^^'^  Accordingly,  a  precise  value  of  thickness  is  not  needed, 
while  the  limitation  of  the  scattering  volume,  due  to  the  finite  film  thickness 
or  to  the  limited  transparency  of  the  material,  causes  a  peak  broadening,  but 
not  a  spectral  shift.  An  exception  occurs  when  high  order  resonances  can  be 
measured 

It  must  also  be  remembered  that  the  RWs  that  are  detected  propagate  in 
the  outermost  layer,  of  deptii  of  the  order  of  1  Im,  and  their  behavior  is 
determined  by  the  properties  of  the  material  in  this  outermost  layer.  If,  in  a 
nominally  homogeneous  material,  a  gradient  of  material  properties  is 
present  in  the  outermost  layer,  the  sample  is  better  schematized  by  one  or 
more  films,  of  different  properties,  on  a  substrate. 

In  the  semi-infinite  medium  case  tiae  propagation  velocity  does  not  depend 
on  the  modulus  of  fcj  j,  but  can  depend  on  its  direction  if  the  material  is 
anisotropic.  In  the  Ccise  of  a  film  of  duckness  h  the  propagation  velocity  also 
depends  on  the  modulus  of  fcj  j,  namely  through  the  nondimensional  product 
In  both  cases  the  dependence  can  be  computed,  as  indicated  in 
Section  5.  Sets  of  velocities  c®^^(Cy)  can  be  computed  as  a  function  of  one 
or  more  free  parameters  C- (typically,  but  not  necessarily,  elastic  moduli),  the 
index  i  typically  standing  for  a  set  of  values  of  fcj  |  or  a  set  of  propagation 
directions  (see  below).  If,  for  the  same  set  of  values  of  /Cj  j  ft  or  of  propagation 
directions,  the  velocities  c^^  are  measured,  and  the  free  parameters  are 
determined  by  a  standard  least  squares  minimization  procedure.  The  sum 
of  squares  is  computed 


x’(c,)=£ 


aornp 


{c,)-cT 


where  it  has  been  assumed  that  the  variances  a,  of  each  can  be  indi¬ 
vidually  estimated;  according  to  standard  estimation  theory  the  minimum 
of  X^{C.)  identifies  the  most  probable  values  (  C. )  of  the  p^ameters  in  the 
(Cj)  space,  and  the  isolevel  curves  of  the  ratio  X^(Q)/X^(Q)  identify  the 
confidence  region  at  any  predetermined  confidence  level.^^'^  As  discussed 
below  for  some  cases,  in  some  instances  a  well-defined  minimum  of  X^(Cy) 
is  found,  allowing  a  good  identification  of  the  parameters,^^^®  while  in  other 
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cases  a  broad  minimum  is  found,  in  the  shape  for  instance  of  a  valley*  In 
such  cases  a  good  identification  of  the  parameters  is  not  possible,^^'^^'^^ 
although  sometimes  some  combination  of  the  parameters  can  be  identified 
with  better  precision  than  the  individual  parameters  It  was  also  shown 
that  in  some  cases  two  significantly  different  sets  of  elastic  constants  fit  the 
measured  dispersion  relation  in  a  comparable  way}^^ 

The  poor  or  good  identification  of  the  minimum  of  %^(Cy)  depends  on  the 
amount  of  available  information.  When  a  single  acoustic  mode  is  detected, 
the  values  of  can  remain  low  in  a  relatively  wide  region  in  the  (C) 

space,  meaning  ^at  the  precision  in  the  measurement  of  X^(Cy)  is  poor.  If 
additional  information  is  obtained  by  the  measurement  of  one  or  more  other 
(surface  or  bulk)  acoustic  modes  the  precision  in  the  measurement  of  the 
parameters  can  be  significantly  improved  In  these  cases  the  min¬ 

imization  procedure  can  be  split;  if  one  of  the  modes  allows  a  good  deter¬ 
mination  of  a  first  parameter,  the  others  can  be  determined  assuming  a  fixed 
value  of  the  already  identified  one}^  In  other  cases  the  relatively  wide  region 
in  which  X^(Cy)  is  not  far  from  its  minimum  value  has  been  delimited  by 
imposing  some  physical  acceptability  criterion,  like  imposing  an  upper  limit 
for  the  value  of  the  bulk  elastic  modulus  at  the  value  of  diamond*'^^'^®^  In 
some  cases  a  fixed  value  of  Poisson  modulus  was  imposed  a  priori.  ^  It  can 
be  noted  that  several  published  works  only  give  the  values  of  the  parameters 
obtained  by  the  minimization  procedure,  without  presenting  an  analysis  of 
the  precision  and  reliability  of  the  results. 

It  must  also  be  noted  tt^t  this  least  squares  identification  procedure  is 
essentially  independent  of  the  technique  by  which  the  are  measured, 
and  the  analysis  of  data  obtained  by,  for  example,  acoustic  microscopy  (see 
Chapter  11)  proceeds  in  the  same  way.^^®  Differences  are  at  most  quantitative: 
acoustic  microscopy  operates  at  wavelengths  that  are  two  orders  of  magni¬ 
tude  larger  than  tiiose  probed  by  Brillouin  spectroscopy,  making  its  sensi¬ 
tivity  to  thin  films  is  much  smaller* 

The  two  cases  of  the  semi-infinite  homogeneous  medium  and  of  the  sup¬ 
ported  film  are  discussed  in  more  detail  in  the  two  following  sections.  It  can 
be  mentioned  that  Brillouin  scattering  has  been  exploited  also  in  other  cases 
such  as  LB  films^”  and  buried  layers  in  silicon-on-insulator  structures.^^^  In 
addition,  besides  the  determination  of  elastic  constants  in  mesoscopically 
compact  films,  other  applications  have  included  the  analysis  of  the  transition 
between  nonpropagating  and  propagating  excitations  in  cluster  assembled 


10.3A.1  Semi-Infinite  Medium 

In  a  semi-infinite  homogeneous  medium  (as  noted  above,  a  supported  film 
having  thickness  of  little  more  than  1  Im  already  behaves  as  a  semi-infinite 
medium),  the  translational  invariance  is  broken  only  by  the  free  surface,  and 
the  sample  has  no  intrinsic  length  scale;  consequently,  for  any  acoustic  mode, 
the  velocity  is  independent  of  the  wavelength.  Measurements  at  different 
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values  of  |,  which  in  backscattering  means  measurements  at  different  inci¬ 
dence  angles,  are  useful  only  because  they  allow  detection  of  the  modes 
whose  frequency  scales  as  sin0.,  allowing  the  identification  of  the  modes. 
Apart  from  this,  measurements  at  various  values  of  fcj  j  only  give  the  same 
improvement  in  precision,  coming  from  repeated  measurements,  that  would 
be  obtained  by  repeated  measurements  at  the  same  fcj  j.  Beside  bulk  waves, 
a  semi-infinite  homogeneous  medium  supports  the  RW  and,  as  noted  in 
Section  10.3.1.1.,  in  sufficiently  transparent  materials  in  which  the  elasto- 
optic  scattering  mechanism  is  dominant,  the  so-called  LGM,  a  mode  travel¬ 
ling  parallel  to  the  surface,  can  also  give  a  spectral  peak.^^  In  isotropic 
materials  this  mode  has  tiie  same  velocity  as  the  longitudinal  bulk  wave, 
and  directly  supplies  the  value  of  the  elastic  constant,  or,  if  the  longitu¬ 
dinal  bulk  wave  is  also  measured,  the  values  of  and  of  the  refractive 
index  n.  In  isotropic  materials  the  Rayleigh  velocity  only  identifies  a  combi¬ 
nation  of  the  elastic  constants,  and  approximate  expressions  are  often  used 
(see  Section  10.3.4);  exact  expressions  for  specific  crystalline  symmetries  have 
also  been  used.^^"^  In  anisotropic  materials  the  dependence  of  the  Rayleigh 
velocity  on  the  propagation  direction  gives  access  to  individual  values  of 
the  constants.®'^®'^"^  If  bulk  waves  can  also  be  measured,  the  additional  infor¬ 
mation  improves  the  precision  and  the  number  of  constants  that  can  be 
determined,  up  to  the  determination  of  the  whole  set  of  elastic  constants,^^^'^^ 
also  in  a  low-symmetry  case.^'^  The  dependence  of  the  effective  elastic  con¬ 
stants  on  the  propagation  direction  and  on  the  position  in  the  film  has  also 
been  exploited  to  explore  internal  stresses.^^ 

10.3A.2  Supported  Film 

In  a  sample  formed  by  a  substrate  and  a  supported  film  the  film  thickness 
h  identifies  a  specific  length  scale,  and  the  propagation  velocity  depends  on 
the  ratio  of  the  acoustic  length  to  h.  This  is  typically  expressed  as  a  depen¬ 
dence  of  the  acoustic  velocity  on  the  nondimensional  product  and  the 
behaviour  of  the  semi-infinite  medium  of  the  film  material  is  asymptotically 
approached  for  high  values  of  kj  ^h.  Measurements  at  different  values  of  itj  j 
allow  measurement  of  the  dispersion  relation  noted  at  the 

beginning  of  Section  10.3.4,  in  backscattering  the  accessible  range  for  fcu  does 
not  exceed  a  factor  of  3.  In  order  to  explore  a  wider  range  of  k^  ./z,  in  some 
cases  sets  of  films  of  different  thicknesses  have  been  The 

independence  of  film  properties  on  thickness  is  assessed  checking  that  the 
parts  of  the  dispersion  relation  measured  on  different  samples  fall  on  the 
same  curve.  This  procedure  was  adopted  also  for  unsupported  films.^^^  In 
other  cases,  in  which  the  dependence  of  film  properties  on  thickness  was 
precisely  the  objective  of  the  investigation,^®^  this  procedure  could  not  be 
adopted. 

As  discussed  in  Section  10.3.1.1,  in  the  case  of  a  supported  film,  various 
types  of  modes  can  be  present,  according  to  the  properties  of  the  film  and 
the  substrate  and  to  film  thickness.  As  already  discussed  in  Section  10.3.4, 
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the  quality  of  the  information  that  can  be  obtained  on  the  film  material 
depends  on  the  amount  of  information  obtained  from  the  observed  acoustic 
branches.  In  addition  to  the  RW  modified  by  the  presence  of  the  film  (mod¬ 
ified  Rayleigh  wave),  which  is  generally  present,  further  information  has 
been  gained  by  the  detection  of  the  or  of  Sezawa  or  other 

The  information  that  can  be  obtained  from  the  modified 
Rayleigh  wave  was  assessed  in  a  model  case  (isotropic  film  on  silicon  sub¬ 
strate)  by  a  sensitivity  analysis.^^^  It  was  found  that  the  modified  RW  velocity 
is  most  sensitive  to  the  values  of  the  Yoimg  modulus  and  the  shear  modulus, 
meaning  that  both  moduli  can  be  determined  with  good  precision,  but  least 
sensitive  to  the  Poisson's  ratio  v,  the  bulk  modulus  B,  and  the  elastic 
constants,  meaning  that  these  parameters  remain  poorly  determined.  It  was 
also  found  that  the  sensitivity  to  the  film  thickness  and  mass  density  is  not 
high,  meaning  that  for  the  identification  of  the  elastic  moduli  an  extreme 
accuracy  in  the  measurement  of  thickness  and  density  is  not  crucial.  It  was 
finally  found,  considering  the  possible  detection  of  a  second  branch,  that 
the  LGM  significantly  contributes  to  the  determination  of  v  and  B,  while 
the  first  Sezawa  mode  does  not.  These  results  justify  the  adoption  of  physical 
plausibility  limits  for  v  and  B,  by  which  the  Young  modulus  and  shear 
modulus  could  be  determined  for  films  of  thickness  down  to  a  couple  of 
nanometers 

In  a  case  of  a  semitransparent  layer  on  a  solid,  treated  by  a  number  of 
authors,^^^^^^  the  full  calculation  requires  a  knowledge  of  the  complex 
refractive  indices  and  elasto-optic  constants  of  the  layer  and  substrate  (which 
are  not  always  readily  available)  and  the  near-surface  dynamics,  and  takes 
account  of  the  interference  between  ripple  and  elasto-optic  scattering.^^^ 
Where  elasto-optic  scattering  plays  a  minor  or  subsidiary  role,  SBS  spectra 
can  often  be  semiquantitatively  understood  with  just  a  knowledge  of  the 
surface  dynamic  response.  In  particular,  the  positions  (but  not  the  intensities) 
of  the  RW  and  Sezawa  peaks  are  independent  of  the  scattering  mechanism. 
Interestingly,  when  elasto-optic  scattering  predominates,  the  dip  in  the  Lamb 
shoulder  at  the  P  threshold  reverses  and  becomes  a  peak  very  close  to  the 
P  threshold,  called  the  LGM.^^ 


10.4  Case  Studies  in  Surface  Brillouin  Scattering 

Representative  results  obtained  by  SBS  are  reviewed  in  this  section.  As  was 
mentioned  in  the  introduction,  SBS  measures  SAW  velocities  in  the  frequency 
range  from  a  few  GHz  to  30  GHz  with  a  lateral  resolution  of  the  order  of 
several  microns;  the  area  subjected  to  the  measurement  is  the  focusing  spot 
of  the  incident  laser,  which  can  be  as  small  as  -  5  |im  on  the  focal  plane.  Within 
this  area,  light  interacts  with  acoustic  waves  of  submicrometric  wavelength. 
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The  frequency  range  and  spatial  resolution  determine  the  potential  for  SBS 
applications  in  nondestructive  evaluation. 

The  ability  to  measure  SAWs  at  high  frequency  has  allowed  the  character¬ 
ization  of  the  elastic  properties  of  the  submicrometric  films  widely  used  in 
modem  high-tech  industry.^®^  The  high  spatial  resolution  allows  the  study 
of  the  elastic  properties  of  very  small  samples.  A  good  example  is  offered 
by  the  new  superhard  phases  synthesized  at  high  pressure  and  high  tem¬ 
perature  (high  P-T).  The  samples  obtained  by  this  technique  are  often  not 
homogeneous  and  consist  of  several  phases  having  different  elastic  proper¬ 
ties  and  dimensions  ranging  from  tens  to  hundreds  of  microns.  The  SBS 
technique  is  ideally  suited  for  characterizing  such  specimens.^®^ 


10.4.1  Selected  Results  for  Isotropic  Bulk  Solids 


(see  Sec¬ 
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As  already  discussed  in  Section  10.3.4,  in  the  supported  films  whose  thick¬ 
ness  exceeds  about  1  Im,  the  behavior  of  SAWs  is  completely  analogous  to 
the  behavior  in  semi-infinite  media.  The  ability  of  Brillouin  scattering  to 
perform  local  measurement  allows  the  characterization  of  very  small  sam¬ 
ples.  This  is  particularly  relevant  for  materials,  such  as  the  new  superhard 
materials  obtained  from  fullerenes  at  high  temperatures  and  pressures, 
which  can  be  obtained  only  as  extremely  small  specimens. 

The  discovery  of  the  fullerene  molecule  Qq  has  led  to  extensive  experi¬ 
mental  studies  of  amorphous  and  nanocrystalline  carbon  phases  in  both 
bulk^^  and  thin  film^^°  forms.  Heating  at  pressures  above  8  GPa  results 
in  formation  of  3-dimensional  polymerized  amorphous  phases  of  Qo'  and 
has  fueled  the  debate  on  the  existence  of  ultrahard  fullerene-based  phases 
with  hardness  higher  than  diamond.^^  Superhard  phases  can  be  obtained 
only  in  very  small  sizes,  and  they  are  opaque;  Brillouin  spectroscopy  has 
allowed  their  elastic  characterization.  Manghnani  et  al.  reported  the  suc¬ 
cessful  SBS  measurements  of  the  elastic  properties  of  the  superhard  amor¬ 
phous  carbon  synthesized  from  Qg  under  high  pressure  (13  to  13.5  GPa)  and 
high  temperature  (800  to  9(X)°C).  The  SBS  spectra  obtained  from  2  bulk 
amorphous  carbon  (a-C)  samples  synthesized  from  Qg  fullerite  powder  are 
shown  in  Figure  10.7.  Surface  scattering  from  the  RW,  at  an  incidence  angle 
of  60°,  gives  the  velocity  of  6.49  km/secec  for  sample  A  (synthesized  at 
800°C)  and  10.06  km/secec  for  sample  B  (synthesized  at  900°C);  these  veloc¬ 
ities  are  lower  that  that  of  diamond.  For  sample  B  scattering  from  the  surface 
skimming  longitudinal  wave  or  longitudinal  mode  •  Sections  1  and  B) 
was  also  observed  (see  Figure  10.5). 

The  spectra  were  interpreted  following  the  approach  by  Camley  and 
Nizzoli,^  computing  the  longitudinal  power  spectra  <  |  \  and  the 

shear  surface  spectra  <  |  u^{k^  j/Co)  |  ^  >  for  the  elastic  properties  of  the  sample 
given  in  Table  10.1  (see  Figure  10.4).  As  can  be  seen  from  Figure  10.4,  from 
which  the  RW  was  omitted  for  clarity,  the  power  spectrum  <  |  W3(kj  |,co)  |  ^  > 
associated  with  the  ripple  scattering  mechanism  vanishes  for  co//C|  |=  Cp  (the 
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FIGURE  10.7 

Experimental  SBS  spectra  at  0  =  60^  of  superhard  amorphous  carbon  synthesized  from 
under  high  pressure  and  high  temperature.  Sample  A  synthesized  at  13  GPa  and  800°C,  and 
sample  B  synthesized  at  13  GPa  and  900°C.  (From  Manghnani,  M.H.  et  al.,  Phys.  Rev.  B,  6412, 
121403,  2001.  With  permissioiL) 


minimum  is  too  deep  and  too  thin  to  be  visible  in  Figure  10.4),  whereas  the 
longitudinal  power  spectrum  <  \u^{k^  j,co)  |^>  associated  with  elasto-optical 
interaction  has  a  well  defined  maximum  at  C()/fc|  |=  Cp.  The  significance  of 
this  maximum  was  discussed  in  Section  B.  AU:  Section 

The  determination  of  the  whole  set  of  elastic  constants  by  was  made 

possible  by  the  detection  of  the  longitudinal  mode.  When  only  the  RW 
velocity  can  be  measured,  the  value  of  the  elastic  constants  cannot  be  deter-  10.3.2? 
mined  precisely,  but  it  is  possible  to  identify  ranges  for  the  Young  modulus  please  con- 
£  and  the  shear  modulus  p.  Pastorelli  et  al.^^^  used  SBS  to  measure  elastic  firm, 
properties  of  the  tiiick  (600  nm)  cubic  boron  nitride  (cBN)  using  some  a  prion 
information.  Elastic  properties  of  the  cBN  films  are  of  interest  for  industrial 
applications  because  cBN  is  the  second  hardest  material  after  diamond,  and 
only  recently  a  method  to  deposit  cBN  films  was  developed. The  measure¬ 
ment  by  SBS^^  was  one  of  the  first  measurements  of  the  elastic  properties 
of  the  cBN  films.  It  was  done  on  thick  cBN  films  that  could  be  considered 
as  semi-infinite  media.  Only  die  RW  was  detected  in  these  films.  To  estimate 
the  Young  modulus  and  shear  modulus  Pastorelli  et  al.  exploited  two  addi¬ 
tional  conditions:  (1)  Poisson's  ratio  must  lie  between  0.0  and  0.5,  and  (2) 
the  bulk  modulus  should  not  be  greater  than  the  bulk  modulus  of  diamond 
(444  GPa).  Applying  these  restrictions  to  the  results  of  the  RW  measurements, 
a  fairly  narrow  interval  for  elastic  constants  was  obtained:  593  GPa  <  E  < 

703  GPa,  and  266  GPa  <  ja  <  322  GPa. 
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In  transparent  media  the  interaction  of  the  light  with  SAWs  is  expected  to 
be  weak,  possibly  too  weak  for  experimental  observation.  Sussner  et  al.^^^ 
showed  that  SAWs  can  be  observed  if  the  transparent  material  is  coated  by 
a  thin  aluminum  layer.  It  was  demonstrated  that  coating  by  a  40nm  thick 
aluminum  layer  made  it  possible  to  detect  SAWs  in  quartz,  sapphire  and 
polymethylmetacrylate  (PMMA). 


10.4.2  Selected  Results  for  Anisotropic  Bulk  Solids 

SBS  has  been  successfully  used  for  the  detection  of  SAWs  in  anisotropic 
media,  and  SBS  of  cubic  crystals  is  a  good  example  showing  the  potential  of 
the  technique.  Investigations  of  Ihe  SAW  angular  dispersion  on  cubic  crystal 
surfaces  revealed  that,  in  addition  to  the  GRW,  a  PSAW  can  exist.®^'^®  Some 
properties  of  the  PSAW  for  the  three  main  planes  of  cubic  crystals  [i.e.,  (001), 
(110),  and  (111)]  have  been  summarized  by  Famell,^  and  an  analysis  of  the 
use  of  SBS  for  detecting  different  types  of  waves  propagating  on  the  principal 
cubic  crystal  cuts  has  been  reported  by  Velasco  and  Garcia-Moliner.^^ 

The  elastic  properties  of  cubic  crystals  are  determined  by  the  three  elastic 
constants  C^2/  and  C44,  and  the  shape  of  the  angular  dispersion  curve; 
hence  the  strategy  in  SBS  measurements  is  determined  largely  by  the 
amisotropy  coefficient  11  =  2C^^/(C^^-C^2)-  Considering  the  (001)  surface,^^'^^ 
if  q  <  1,  the  variation  of  the  GRW  velocity  with  the  propagation  direction  is 
small  and  the  GRW  is  always  distinct  from  the  bulk  slow  transverse  wave 
(STW)  mode.  In  this  case,  the  (001)  plane  is  not  very  useful  for  the  SBS 
characterization  of  the  anisotropic  elastic  properties.  For  q  >  1,  as  it  is  for 
silicon  (Si)  and  gallium  arsenide  (Ga  As),  the  angular  variation  of  the  velocity 
of  the  GRW  and  of  the  PSAW  that  exists  in  a  certain  angular  range  provides 
an  opportunity  for  determining  the  elastic  constants  of  a  crystal  from  the 
angular  dependence  of  the  surface  wave  velocities  alone,  without  the  use  of 
lateral  wave 

Figure  10.8  is  a  grey  scale  image  representing  the  calculated  Brillouin 
intensity  as  a  function  of  velocity  c  =(D  /fc  j  [  and  of  direction  (p  measured  from 
the  [100]  direction,  for  scattering  from  the  (001)  plane  of  gallium  arsenide 
(GaAs).  The  grey  scale  intensity  in  this  image  is  proportional  to  ofHm  [G^(k^  I , 
^3=  0,  CO  +  lO)]  (see  Equation  10.6).  The  elastic  moduli  of  the  GaAs  were  taken 
from  reference^®  (see  Table  10.1).  The  two  bulk  wave  solutions  for  symmetry 
directions,  the  pure  transverse  vertical  or  fast  transverse  wave  (FTW)  and 
the  pure  transverse  horizontal  or  STW,  are  displayed  in  Figure  10.8  as  solid 
and  dotted  lines,  respectively.  Both  the  velocity  and  the  intensity  of  the  GRW 
velocity  show  considerable  variation  with  direction.  Toward  the  [110]  direc¬ 
tion  the  polarization  of  the  STW  tilts  over  toward  the  horizontal  and  becomes 
more  weakly  coupled  to  GRW  in  G33.  As  a  result,  the  trace  of  the  GRW  shows 
decreasing  intensity,  ultimately  vanishing  as  the  GRW  degenerates  with  the 
limiting  STW  bulk  wave  in  the  [110]  direction.  Also,  as  the  GRW  approaches 
this  degenerate  condition,  its  displacement  field  penetrates  ever  more  deeply 
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FIGURE  10.8 

Green's  function  033(^1  ^  oo)  for  the  [100]  direction  in  the  GaAs(OOl)  surface. 
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into  the  solid,  which  further  diminishes  its  contribution  to  the  surface 
response. 

Extending  out  to  about  20"^  on  either  side  of  the  [110]  direction  is  a  sharp 
resonance  within  the  bulk  wave  continuum,  which  is  associated  with  a 
PSAW.  This  mode  consists  predominantly  of  two  evanescent  partial  waves, 
but  with  the  addition  of  a  bulk  wave  component  of  small  amplitude,  which 
causes  radiation  of  the  energy  of  this  wave  into  the  substrate,  resulting  in 
attenuation  of  the  wave  as  it  travels  along  the  surface.  At  the  PSAW  det  |  B  | 
(see  fxH'UoA  B)  is  small  but  nonzero,  except  in  isolated  directions  where  the 
PSAW  becomes  a  true  supersonic  SAW  and  det  |  B  |  vanishes.^^^ 

The  angular  dispersion  curves  in  the  (001)  plane  of  cubic  crystals  have 
been  investigated  for  nickel  (Ni),  Si,®'^  or  GaP,  and  for  InSb,^^^  and  their 
behavior  has  been  found  to  be  properly  predicted  by  Green's  function 
approach.  Figure  10.9  illustrates  the  good  agreement  between  theoretical 
simulation  and  experimental  behavior  of  the  SAW  dispersion  curve  in  the 
(001)  plane  of  the  GaAs.^®^  SBS  studies  of  GaAs^^^  demonstrated  the  coexist¬ 
ence  of  GSW  and  PSAW  around  20°  as  predicted  by  Green's  function  simu¬ 
lations  (see  Figure  10.8). 

SAW  propagation  on  the  (111)  plane  in  various  cubic  crystals  has  been 
extensively  investigated  by  Kuok  et  al.  (Si,^^  InSb,^^^  GaAs,^^^).  Figure  10.10 
shows  the  measured  angular  dispersion  curves  of  the  3  surface  waves  on 
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Angtdar  dependence  of  the  measta:ed  GSW  and  PSW  velocities  on  (“1) 
da^or  GSW  and  PSW  are  denoted  by  circles  and  squares,  respectively.  Solid  curves  repr^en 
the  theoretical  surface  wave  velocities,  while  the  FTW  and  STW  bulk  wave  velocities  are  shown 
^  d^hed  curves.  (From  Kuok,  M.H.  et  al.,  /.  Appl  Phys.  89,  7899, 2001.  With  permission.) 


d!p\ndence  of  the  surface  acoustic  wave  velocities  on  (111)  GaAs^  Tlie  e^erimental 
data  for  GSW,  PSW,  and  HFPSW  are  represented  by  circles.  (From  Kuok,  M.H.  et  al.,  /.  Appl. 
Phys.  89,  7899,  2001.  With  permission.) 
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(111)  GaAs.  It  reveals  that  the  PSW  can  propagate  orJy  in  limited  direction 
ranges  on  this  surface.  The  velocities  of  GSW  and  LLSW  on  the  (111)  plane 
turn  out  to  be  less  sensitive  to  the  propagation  direction  than  in  the  other 
two  basal  planes.  Scattering  from  the  PSW  is  strongest  at  azimuthal  angle  cp 
=  0®  ([110]  direction),  but  its  intensity  decreases  with  increasing  azimuthal 
angle  until  it  is  no  longer  measurable  at  (p  =  30°.  These  observations  are 
consistent  with  the  theoretical  findings  of  Lim  and  Famell:  they  predicted 
that  as  (p  approaches  30""  the  penetration  depth  of  PSW  into  the  bulk  increases 
until  it  degenerates  into  a  transverse  bulk  wave  at  <p  =  30°.^^ 

The  SBS  measurements  of  SAW  dispersion  on  a  (111)  face  of  an  fee  film  of 
CgQ  (fullerite)  grown  on  Ni(llO)  and  BS  data  on  longitudinal  bulk  wave 
allowed  the  determination  of  the  three  independent  elastic  constants  of  fee 
CgQ  Similar  work  was  done  on  chemical  vapor  deposited  on  polycrystalline 
diamond.^^^ 

SAWs  on  (110)  faces  of  cubic  GaAS,  InSb,  Ge  and  InAs  (ri  >  1)  have  been 
investigated  by  Aleksandrov  et  al.^^  and  more  recently  by  Kuok  et  al. 
(GaAs/^^  InSb^^^).  The  angular  dispersion  curve  of  SAWs  on  tfie  (110)  plane 
in  the  cubic  crystals  represents  a  fascinating  picture.  Figure  10.11  represents 
Green's  function  simulations  for  the  (110)  plane  of  GaAs.  In  the  (110)  plane 
the  FTW  and  STW  curves  cross  each  other  at  (p  =  55°  ;  beyond  this  point  the 
PSAW  does  not  exist,  and  it  gradually  disappears  as  the  propagation  direc¬ 
tion  tends  to  [100].  Indeed,  experimental  SBS  measurements  (Figure  10.12) 


FIGURE  10.11 

Green's  function  G33(fc|  |,  (o)  for  the  [100]  direction  in  the  GaAs  (001)  surface. 
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FIGURE  10.12 

Angular  dependence  of  the  surface  acoustic  wave  velocities  on  (110)  GaAs.  The  experimental 
data  for  GSW,  PSW,  and  HFPSW  are  represented  by  circles,  squares,  and  inverted  triangles, 
respectively.  Solid  curves  represent  theoretical  surface  wave  velocities,  while  theoretical  bulk 
wave  velocities  are  shown  as  dashed  curves.  (From  Kuok,  M.H.  et  al.,  /.  Appt  Phys.  89,  7899, 
2001.  With  permission.) 

show  that  PSAW  propagation  on  the  (110)  plane  is  restricted  to  the  azimuthal 
angular  region  10°  <  (p  <  55°.^^^  The  GRW  was  found  to  propagate  in  all 
directions  on  tiie  surface  with  an  intensity  that  is  quite  independent  of 
direction.  The  LLSW  has  been  detected  on  the  (110)  plane  of  GaAs  as  well. 
It  is  interesting  to  note  that  it  was  foimd  that  experimental  data  values  for 
velocity  were  about  lower  than  the  calculated  ones.  Discussion  on 

this  subject  can  be  found  elsewhere.®'^ 

The  most  prominent  features  in  a  SBS  spectrum  are  usually  the  RW  and 
the  PSAW  peak,  but  with  sufficient  data  collection  times  and  adequate  fil¬ 
tering  the  Lamb  shoulder  Ccm  be  distinguished,  and  from  it  the  bulk  mode 
threshold  velocities  can  be  measured.  SAW  propagation  in  a  vanadium  car¬ 
bide  (VC)  cubic  crystal,  for  which  ti 0.8  <  1,  have  been  studied  by  Zhang 
et  al.^^  In  this  study  2  key  features  of  the  spectrum  were  exploited  to  deter¬ 
mine  the  elastic  constants  of  VC075,  namely  the  directional  dependence  in 
the  (110)  surface  of  the  RW  velocity,  and  the  sharp  dip  in  the  Lamb  shoulder 
lying  at  about  8500  m/sec,  which  corresponds  to  the  P-wave  threshold.  The 
theoretical  spectrum  of  VCq  75  in  Figure  10.3  has  been  calculated  using  Equa¬ 
tion  10.5,  and  is  in  good  agreement  with  the  measured  one  The  lateral 
wave  LLSW  is  most  sensitive  to  the  longitudinal  elastic  constants^^^  and 
C^2  +  2C44,  while  the  RW  is  more  sensitive  to  and  (C^^-  From  the 

observed  spectra,  the  elastic  constants  of  VC075  were  determined  to  be  = 
440  GPa,  C12  =  92  GPa  and  -  136  GPa.^". 
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Most  of  the  SBS  studies  of  SAW  propagation  in  anisotropic  crystals  have 
been  performed  on  cubic  crystals.  For  crystals  of  lower  than  cubic  symmetry 
the  detection  of  the  GRW  alone  does  not  provide  sufficient  information  for 
studying  elastic  properties  of  the  crystals.^^^  Carlotti  et  al.^^^  were  successful 
in  determining  five  effective  elastic  constants  of  a  thick  (1.3  |xm)  transparent 
film  (ZnO)  of  hexagonal  symmetry.  The  constants  C33,  and  C44  were 
obtained  from  detection  of  the  RW  and  of  the  longitudinal  bulk  mode  prop¬ 
agation  at  different  angles  from  the  surface  normal.  The  constant  was 
determined  from  the  observation  of  the  LLSW  mode,  and  was  determined 
from  detection  of  the  shear  horizontal  mode  traveling  parallel  to  the  film 
surface.  As  a  rule,  bulk  Brillouin  scattering  is  preferable^  for  low  symmetry 
crystals. 


10.4.3  Selected  Results  for  Layered  Media 

One  of  the  major  applications  for  SBS  is  the  study  of  the  elastic  properties 
of  thin  films.  Thin  films  have  a  huge  number  of  applications  in  modem 
industry.  Ohring,  in  the  preface  of  his  monograph  on  science  of  thin  films, 
wrote,  "Thin-film  science  and  technology  plays  a  crucial  role  in  the  high- 
tech  industries  that  will  bear  the  main  burden  of  future  American  competi¬ 
tiveness."^^^  In  addition,  elastic  properties  of  the  newly  developed  films, 
particularly  superhard  films,  need  to  be  determined  experimentally  because 
they  strongly  depend  on  the  synthesis  conditions,  and  cannot  be  derived 
from  theoretical  considerations  alone.  The  thickness  of  such  films  ranges 
commonly  from  a  few  tens  of  nanometers  up  to  the  order  of  a  micrometer. 
The  nanoindentation  technique  widely  used  for  mecharucal  characterization 
of  thin  micron  films  does  not  allow  measurements  of  the  hardness  and  elastic 
moduli  of  the  submicron  coating  and  substrate  separately.  Conventional 
methods  usually  employ  SAWs.  The  surface  wave  displacements  are  con¬ 
centrated  within  a  wavelength  from  the  surface  and  can  probe  the  samples 
within  a  depth  inversely  proportional  to  the  frequency  used.  For  submicron 
films,  frequencies  in  the  range  5  to  30  GHz  are  needed,  and  therefore  the 
SBS  technique  offers  a  unique  opportunity  to  cover  this  range  of  frequencies. 

SBS  was  used  to  study  SAW  in  unsupported  films  (Lamb  waves).^^^'^^° 
Measurements  conducted  on  23  nm  unsupported  A1  films^^^  illustrated  that 
both  the  line  and  positions  and  relative  intensities  of  the  Lamb  modes 
observed  in  the  experimental  spectra  are  well  accounted  for  by  theory.  SBS 
of  unsupported  thin  films  are  rather  exceptional  researches.  The  main  direc¬ 
tion  of  SBS  in  thin  film  characterization  is  the  elastic  characterization  of  thin 
supported  films.  For  isotropic  layered  materials,  the  SAW  velocity  is  depen¬ 
dent  on  the  frequency  (i.e.,  there  is  frequency  dispersion).  For  anisotropic 
solids,  the  SAW  velocity  also  exhibits  a  variation  with  the  direction  of  prop¬ 
agation,  called  angular  dispersion.  The  elastic  properties  of  anisotropic  solids 
can  be  extracted  from  measured  dispersion  curves.  SBS  usually  operates 
within  the  frequency  range  of  10  to  30  GHz.  At  such  frequencies  the  elastic 
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properties  of  thin  layers  from  several  nanometers  up  to  a  micron  or  so  can 
be  determined.  Thicker  films  generally  behave  as  bulk  media.  Recent  mea¬ 
surements  of  the  SAW  dispersion  in  ultrathin  diamond-like  carbon  films^®^ 
show  that  mechanical  properties  of  2-nm  thick  film  can  be  extracted  from 
SBS  data. 

The  measurement  of  the  SAW  dispersion  curve  by  SBS  is  highly  dependent 
on  the  type  of  the  layer  under  investigation.  Single  layers  on  substrates  are 
commonly  divided  into  two  classes:  loading  or  slow-on-fast  layers  and  stiff¬ 
ening  or  fast-on-slow  layers.  The  origin  of  these  designations  seems  to  be 
the  paper  of  Tiersten^^^  in  which  he  studies  the  slope  of  the  dispersion  curve 
for  kh  >  0.  A  layer  is  said  to  stiffen  the  substrate  when  its  presence,  at 
whatever  thickness,  and  increases  tiie  velocity  of  the  surface  wave  above 
that  of  the  RW  velocity  of  the  substrate^^  and  vice  versa.  Famell  and  Adler^^ 
have  established  sufficient  conditions  for  the  layer  to  be  loading  or  stiffening: 
cj  <  V2cJ  and  cj  >  (cj  is  the  shear  velocity  in  the  layer,  cj  is  the 
shear  velocity  in  the  substrate). 

10 A. 3.1  Slow  Film  on  Fast  Substrate 

Surface  wave  propagation  in  loading  layers  has  been  widely  studied  by  SBS 
for  various  combinations  of  film  and  substrate:  Al/Si,^^^  gold/glass,^^^  Al/ 
NaCl,'°'  CaF^/Si,'^  ZnO/Si  and  ZxxO/Alp^^^  polystyrene/Si,'""  and  ZrB^/ 
An  Al  layer  on  Si  was  the  first  layered  system  where  guided  acoustic 
modes,  detected  by  SBS,  were  satisfactorily  explained  in  terms  of  ripple 
scattering  at  the  film  surface.'^  As  an  example,  SAW  propagation  of  an 
amorphous  Si  (a-Si)  layer  produced  by  ion  bombardment  will  be  considered 
here.  Figure  10.13  depicts  j,  (d)/(o  by  a  grayscale  as  a  function  of  c 

=  CO  /fcj  I  and  k^  j  ft  for  an  amorphous  silicon  film  on  Si(OOl).  In  Figure  13,  we 
plot  only  the  modes  with  displacements  confined  to  the  sagittal  plane.  For 
the  loading  case,  an  infinite  number  of  surface  waves  propagate:^^  RWs, 
PSAWs,  Sezawa  and  Lamb  modes,  and  various  resonances  within  the  con¬ 
tinuum  of  bulk  wave  scattering.  In  Figure  10.13  the  RW  curve  is  much  more 
intense  than  the  Sezawa  wave  (SW)  curves,  because  the  RW  is  concentrated 
near  the  film  surface  to  which  G33(A: j .,  co)  pertains.  In  the  RW  the  displacement 
field  is  mainly  concentrated  near  tne  free  surface  of  the  layer  and  it  has  a 
velocity  that,  with  increasing  layer  thickness,  approaches  that  of  the  RW  of 
Si.  It  starts  at  the  value  of  tiie  RW  on  the  substrate,  4.91  km/ sec;  for  large 
fcj  |/i,  the  Rayleigh  SAW  velocity  tends  asymptotically  to  a  constant  value  of 
4.25  km/sec,  which  is  the  phase  velocity  of  the  Rayleigh  wave  on  the  surface 
of  bulk  amorphous  silicon. 

The  2  horizontal  lines  labeled  Cs(a-Si),  4.62  km/sec,  and  c(Si),  5.84  km/ sec, 
are  transverse  bulk-wave-phase  velocities  in  the  layer  and  in  the  substrate, 
respectively.  A  lower  transverse  bulk-wave-phase  velocity  in  the  layer  as 
compared  with  that  of  the  substrate  is  necessary  in  order  for  SWs  to  exist. 
The  horizontal-dashed  line,  c  =  5.65  km/sec,  corresponds  to  the  transonic 
state  in  the  substrate.  The  curves  below  the  transonic  state  are  the  various 
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FIGURE  10.13 

|,  0))/(0  for  an  amorphous  silicon  film  on  Si(001)  for  the  [100]  direction,,  a  slow  on  fast 
system.  It  shows  the  dispersion  of  the  Rayleigh  and  Sezawa  waves. 

orders  of  SWs,  while  curves  for  the  pseudo-SWs  lie  above  the  transonic  state. 
The  essential  difference  between  the  SW  and  pseudo-SWs  is  understood  in 
term  of  values  of  the  partial  waves.  For  the  SW,  which  lies  in  subsonic 
range  in  Figure  10.13,  the  partial  waves  in  the  substrate  all  have  a  complex 
value  of  and  the  corresponding  displacement  amplitudes  decrease  in  an 
exponential  fashion  into  the  interior  of  the  substrate.  These  properties  allow 
the  SW  to  propagate  without  attenuation  along  the  surface,  making  it  a  true 
surface  wave.  In  the  case  of  a  pseudo-SW,  which  lies  in  the  supersonic  range 
in  Figure  10.13,  one  or  more  of  the  partial  waves  in  the  substrate  has  a  real 
value  of  ky  This  bulk-wave  component  carries  energy  away  from  the  surface 
into  the  interior  of  the  substrate  and  causes  the  wave  to  decay  with  distance. 
We  use  the  term  pseudo-SW  here  because  this  particular  pseudo-SAW  is  so 
closely  related  to  the  true  Sezawa  wave.  The  transition  from  one  mode  to  the 
other  is  also  clearly  seen  by  the  change  in  attenuation  (Figure  10.13),  which 
decreases  suddenly  when  the  wave  no  longer  leaks  energy  into  the  substrate. 

Figure  10.14  shows  the  measured  and  calculated  dispersion  curves  for  the 
Rayleigh  SAW  and  Sezawa-type  modes.  For  the  dispersion  curves  of  the 
Rayleigh  and  Sezawa-like  modes,  the  solid  lines  are  calculated  using  best  fit 
elastic  constants  determined  by  comparison  with  SBS  measurements  in  the 
paper.^^  There  are  also  calculated  curves  for  the  higher  order  Sezawa 
(Figure  10.14),  but  these  modes  were  not  observed  for  a-Si  layer  on  Si.^^  For 
purposes  of  comparison,  the  dispersion  curves  of  the  Rayleigh-SAW  and  the 
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FIGURE  10.14 

Dispersion  relations  for  the  [100]  direction  for  an  amorphous  silicon  film  on  Si(OOl)^.  The  two 
solid  lines  marked  and  V/  represent  the  transverse  bulk-wave  velocity  for  the  crystalline- 
silicon  substrate  and  the  amorphous  silicon  layer,  respectively  The  dotted-horizontal  line  in¬ 
dicates  the  transonic  state.  The  solid  curves  represent  calculated  dispersion  curves  based  on 
the  model  of  a  uniform  amorphous  layer  on  the  (001)  silicon  surface  and  the  elastic  constants 
of  the  layer  obtained  from  the  present  measurements.  Dashed  curves  represent  calctdated 
dispersion  curves  from  the  elastic  constants  given  in  the  Table  10.2,  RW:  Rayleigh  wave,  1st 
SW,  etc.,  different  orders  of  Sezawa  waves,  (From  Zhang,  X.  et  al.,  Phys.  Rev.  B,  58, 13677, 1998. 
With  permission.) 

first  Sezawa-like  excitation  are  also  calculated  using  the  literature  values  of 
the  elastic  constants  of  amorphous  silicon.  The  agreement  is  within  2%. 

The  Sezawa  and  pseudo-Sezawa  modes  are  commonly  used  in  SBS  for 
extracting  elastic  properties  of  slow-on-fast  layers.^^^^®^  In  tihe  case  of  Brillouin 
spectroscopy  measurements,  very  high  velocity  modes  can  be  detected,  so 
that  for  slow-on-fast  layers  numerous  generalized  Lamb  modes  can  be  mea¬ 
sured  on  a  single  sample.^^^ 

The  SAW  dispersion  for  a-Si  on  Si  mentioned  above  is  representative  of 
the  slow-on-fast  dispersion,  although  a  small  difference  exists  among  these 
layers.  Sklar^^  showed  that  depending  on  the  layer /substrate  combination, 
the  pseudo-Sezawa  mode  for  very  thin  layers  tends  to  a  different  value. 
When  Cp  <  Ic^  :  for  ^  0  the  pseudo-Sezawa  tends  to  the  lateral  wave, 
whose  velocity  is  the  longitudinal  velocity  of  the  substrate;  when  Cp  >  2c^: 
the  pseudo-Sezawa  mode  tends  to  a  wave  below  the  lateral  longitudind 
wave. 

SAW  wave  propagation  in  the  one-layer  system,  when  layer  and  substrate 
have  very  close  properties,  has  been  discussed  in  detail  by  Lefeuvre.^^^.  The 
combination  is  situated  near  the  border  between  stiffening  and  the  loading 
layers.  Such  systems  concern  only  a  very  few  cases  in  practice,  since  the 
purpose  of  coatings  is  to  change  the  surface  properties  of  the  material,  gen¬ 
erally  affecting  the  elastic  properties  of  the  surface.  For  some  combination  of 
materieds,  a  Stoneley  wave  can  propagate.^  A  Stoneley  wave  is  a  localized 
mode  that  propagates  along  interface  between  two  solids.  It  is  nonattenuative 
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because  its  velocity  is  lower  than  the  bulk  velocities  of  the  two  materials. 
When  one  of  the  materials  is  transparent,  laser  detection  of  interfacial  wav« 
is  rendered  possible.^*  Stoneley  waves  have  thereby  been  measured  by  Bril- 
louin  spectroscopy  by  Bortolani  et  al.^^*  for  Ni  on  fused  silica,  by  Bell  et  al. 
at  the  interface  molybdenum/fused  silica,  and  by  Joma  et  al.’^°  for  Ni  on  ZnO. 


10.4.3.2  Fast  Film  on  Slow  Substrate 

Recent  theoretical  predictions’^^  of  the  new  superhard  materials  and  produc¬ 
tion  of  the  new  superhard  films  such  as  cubic  boron  nitride  (cBN),  carbon 
nitride  P-C3N4,  B^C,  and  CVD  diamond  films  have  excited  considerable  inter¬ 
est  in  the  mechanical  properties  of  thin  hard  and  superhard  films.  Their 
hardness  and  abrasion  resistant  qualities,  highly  valued  in  technology  and 
industry,  are  controlled  by  the  their  large  elastic  moduli.  Elastic  properties 
of  the  superhard  films  need  to  be  determined  experimentally  because  they 
strongly  depend  on  the  s5mthesis  conditions,  and  they  carmot  be  derived 
from  theoretical  considerations  alone.  The  thickness  of  such  films  commonly 
ranges  from  a  few  tens  of  nanometers  up  to  the  order  of  a  micrometer.  Recent 
studies  have  shown  that  SBS  is  an  ideal  techiuque  for  characterizing  the  new 
hard  and  superhard  films.*®'’‘’®'’°^'’“'’®® 

Despite  the  extensive  literature  on  SAW  propagation  in  layered  solids, 
detailed  study  of  SAW  in  stiffening  layers  (i.e.,  fast-on-slow  systems)  has 
only  started  recently.’”'’®’"’^  Earlier  computations  of  SAW  propagation  were 
usually  restricted  to  true  surface  modes  (surface  waves  that  do  not  leak 
energy  into  bulk),  but  for  stiffening  layers  the  SAW  propagation  is  mostly 
characterized  by  PSAWs.  Also,  the  calculation  of  PSAWs  is  complicated  by 
the  attenuated  nature  of  these  modes;  two  parameters,  the  velocity  and  the 
attenuation  of  the  SAW,  should  be  computed.  There  have  been  only  a  few 
experimental  studies  performed  on  hard  coatings  because  attenuation  causes 
scattering  in  the  results  and  lowers  the  quality  of  the  signal. 

Recent  calculations  of  the  dispersion  of  SAW  above  cutoff  in  stiffening 
systems’^  have  revealed  two  types  of  SAW  dispersion  for  fast-on-slow  sys¬ 
tems.  It  was  shown  that  the  SAW  velocity  initially  grows  with  increasing 
k,  |/z.  At  a  critical  value  k|  the  SAW  meets  and  degenerates  with  the  bulk 
wave  continuum.  Beyond  this  cutoff,  while  a  true  SAW  no  longer  exists, 
there  is  a  PSAW,  which  radiates  energy  into  the  substrate  and  attenuates 
with  distance  as  it  travels  along  the  surface.  The  first  type  of  behavior  comes 
about  when  the  elastic  properties  of  the  layer  and  the  substrate  are  not  very 
different,  and  has  the  velocity  of  the  pseudo-SAW  beyond  cutoff  increasing 
up  to  the  RW  velocity  of  the  layer.  This  type  of  behavior  is  called  the 
nonsplitting  type  and  was  first  observed  experimentally  by  Pang  et  al.’“'’®^ 
The  second  type  of  behavior  arises  when  the  elastic  properties  of  the  two 
materials  are  quite  dissimilar  and  has  the  PSAW  evolving  into  a  strongly 
attenuated  interfacial  mode,  while  a  second  mode  appears  at  a  higher  veloc¬ 
ity  and  evolves  into  the  RW  at  the  free  surface  of  the  layer.  This  second  type 
of  behavior  of  the  dispersion  relation  was  called  the  splitting  type}^  A  more 
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FIGURE  10,15 

Two-dimensional  gray  image  of  the  calculated  Brillouin  spectra  of  SijN^/GaAs  at  free  SijN^ 
surface.  (From  Zinin,,  P.V.  et  al.,  Phys.  Rev,  R,  60,  2844,  1999.  With  permissioi^) 

detailed  description  of  the  behavior  of  the  SAW  dispersion  curves  for  fast- 
on-slow  systems  for  different  combinations  of  films  and  substrates  can  be 
found  elsewhere.^^^ 

The  dispersion  of  SAWs  in  SigN^  film  on  a  GaAs  substrate  is  an  example 
of  the  splitting  type  of  dispersion  curve  measured  by  SBS,  SigN^  film  on  a 
GaAs  is  a  stiffening  system  since  Cg  of  the  SigN^  and  GaAs  are  4.7  km/sec 
and  3.3  km/sec,  respectively.^®^  In  experiments,  only  one  branch  of  the  dis¬ 
persion  curve  was  measured.  It  corresponded  to  SAWs  propagating  in  the 
[100]  direction  on  the  (001)  GaAs  surface.  The  SigN^  film  was  assumed  to  be 
isotropic.^^  Grayscale  images  representing  the  calculated  Brillouin  intensity 
as  a  function  of  velocity  c  =  co/fcj  j  and  for  scattering  from  the  free  surface 

of  the  film  and  from  the  interface  between  the  film  and  substrate  for  the 
[100]  direction  in  the  (001)  surface  of  GaAs  are  presented  in  Figure  10.15  and 
Figure  10.16,  respectively.  The  grayscale  intensity  in  these  images  is  propor¬ 
tional  to  co”^Jm[Gg3(A:| .,  Xg,  co  +  lO)],  vrith  JCg=  0  for  ihe  interface  and  x^=  -h 
for  die  surface  of  the  film.  Elastic  constants  used  for  the  calculation  are  given 
in  Table  10.2.  For  fcj  =  0,  the  velocity  corresponds  to  the  SAW  velocity  on 
the  GaAs  substrate.  With  increasing  the  SAW  velocity  approaches  the 
bulk  wave  threshold  or  limiting  shear  slowness  j  /(O,  which  is  reached  at 
^1  |^cut~  1*^*  Below  fci  the  Brillouin  spectrum  displays  a  sharp  peak  that  is 
associated  with  tiie  true  surface  wave  and  a  continuum  extending  from  the  bulk 
wave  threshold  to  higher  frequencies,  which  is  known  as  the  L^nb  shoulder. 

In  our  calculation  of  Green's  function  (Equation  10.41),  a  small  amount  of 
artificial  damping  is  introduced  to  avoid  a  true  singularity.  In  the  region 
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TABLE  10.2 


The  Elastic  Properties  Used  in  the  Calculations  of  the  Power  Spectra  Shown 
in  Figures  10.4, 10.8, 10.11, 10.13, 10.15,  and  10.16 _ _ 


Materials 

Density  (kg/m®) 

c„  (GPa) 

(GPa) 

C^(GPa) 

Ref. 

a-carbon  (sample  B) 

3150 

868 

376 

106 

Si 

2332 

165.7 

63.9 

79.6 

26 

a-Si 

2230 

138 

48 

26 

GaAs 

5318 

118.1 

53.2 

59.4 

128 

^^3^4  (polycrystalline) 

2500 

189 

56 

158 

bcc  Co 

212 

165 

53 

159 

FIGURE  10.16 

Two  diniensional  gray  image  of  the  calculated  Brillouin  spectrum  at  Si^N^/ GaAs  interface  (From 
Zmin,  P.V.  et  al.,  Phys.  Reo.  B,  60, 2844,  1999.  With  permission.) 


below  cutoff,  the  position  of  the  SAW  peak  is  the  same  for  surface  and 
interface  scattering.  At  It,  |  the  SAW  degenerates  with  the  bulk  continuum, 
and  beyond  cutoff  there  is  no  true  SAW.  In  its  place  there  are  broadened 
resonances  that  are  associated  with  attenuated  PSAWs  at  the  interface  or 
surface  of  the  film  and  that  leak  energy  into  the  substrate.  Somewhat  above 
the  cutoff  velocity,  the  Brillouin  spectrum  for  the  interface  displays  a  broad 
peak  that  becomes  independent  of  the  film  thickness  beyond  ~  i.  This 
peak  is  associated  with  a  highly  damped  interfacial  wave.  Its  broadening  is 
due  to  leakage  of  energy  into  the  substrate  as  discussed  in  Lefeuvre  et  al.'^ 
In  the  same  spectral  region,  the  calculated  Brillouin  spectrum  for  the  surface 
of  the  film  displays  a  broad  peak  that  fades  away  by  ~  4.  At  tiiis  point 
another  broad  peak  appears  that  becomes  narrow  with  increasing  fc|  |  fe  as  the 
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FIGURE  10.17 

Dispersion  curves  calculated  using  Green's  function  and  experimental  results  of  SigN^/GaAs. 
Dashed  lines  are  shear  cutoff  (lower  Kne),  longitudinal  cutoff  (middle  line)  for  GaAs  and 
longitudinal  cutoff  for  SigN^  (upper  line)  (ftom  Zinin,,  P.V.  et  al.,  Phys.  Rev.  B,  60,  2844,  1999. 
Wth  permission.) 


associated  mode  tends  toward  the  Rayleigh  mode  of  Si3N4.  For  very  large 
fc|  fi  this  becomes  the  true  nondispersive  Rayleigh  SAW. 

me  dispersion  curves  in  Figure  10.17  represent  the  traces  of  the  maxima 
of  the  calculated  Brillouin  intensity  (Figure  10.16)  for  the  interface  (the  lowest 
solid  line)  and  surface  (Figure  10.15;  tfie  upper  solid  lines)  and  of  the  mea¬ 
sured  Brillouin  intensity.  The  experimental  data  are  found  to  be  in  excellent 
agreement  with  the  theoretical  predictions,  except  for  the  interfacial  mode 
and  the  fact  of  the  disappearance  of  the  first  Lamb  mode  in  the  measured 
spectrum  at  small  j/i.  The  former  discrepancy  suggests  that  the  interface 
is  more  complicated  than  assumed  in  our  model. 

Among  all  hard  or  stiff  films,  diamond-like  coatings  (DLCs)  appear  to  have 
widest  range  of  applications.  It  was  found  recently  that  SBS  measurements 
of  thin  DLC  films  allow  to  detect  the  Detection  of  the  LGM  allows 

both  and  C44  of  such  films  to  be  obtained  from  SBS  measurements. 

10.4.3.3  Anisotropic  Supported  Films 

The  elastic  properties  of  anisotropic  layered  solids  can  be  investigated  either 
by  measuring  the  frequency  or  the  angular  dispersion  curves  by  SBS.  Exper¬ 
imental  data^^^  for  a  body-centered-cubic  cobalt  (Co)  film  on  the  (110)  plane 
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FIGURE  10.18 

The  measured  (solid  and  triangles)  and  calculated  (solid  line)  dispersion  curves  for  the  Rayleigh 
mode  for  357-  and  20.0-nm'thick  bcc  cobalt  fOms  of  (110)  GaAs.  The  two  panels  refers  to 
propagation  direction  along  [001]  and  [110].  Data  represented  by  open  circles  and  triangles 
were  taken  with  515-nm  radiation^  while  solid  circle  was  taken  at  647  nm.  (From  Subramaniarv 
S.  et  al.,  Phys.  Reu.  B,  49,  17319,  1994.  With  permissioa) 


4)- 


of  GaAs  are  presented  in  Figure  10.18.  A  strong  RW  peak  is  observed  in  the 
SBS  spectrum  along  the  [001]  and  [110]  directions  in  the  (110)  oriented  film. 
To  determine  the  elastic  moduli  of  the  cubic  Co  films  (Cj^  C^2  CJ, 
Subramanian  et  al.^^^  proposed  simultaneously  fitting  the  frequency  RW 
dispersions  in  these  directions.  Figure  18  shows  the  frequency  dispersion 
curves  for  Co  films  along  the  [001]  and  [110]  directions  in  (110)  oriented 
Co  film  on  (110)  GaAs.  The  study  again  demonstrated  that  values  of  the 
elastic  moduli  of  thin  films  generally  are  different  from  the  corresponding 
values  in  the  bulk.  Measurements  of  the  frequency  dispersion  curve  of  the 
RW  yield  up  to  a  65%  reduction  in  the  values  of  and  C44  for  the  Co  film. 

Nizzoli  at  al.^^^  reported  SBS  experiments  on  LB  films,  for  which  the  anisot¬ 
ropy  of  the  elastic  properties  could  be  regarded  as  having  hexagonal  sym¬ 
metry,  with  the  c  axis,  in  the  plane  of  the  films.  LB  layers  were  grown  on 
molybdenum  and  represent  slow  on  fast  systems.  The  stiffness  matrix  of 
anisotropic  solids  of  hexagonal  symmetry  contains  five  independent  elastic 
moduli  (C„,  C12/  Ci3,C33  and  C44),  and  it  is  a  nontrivial  matter  to  determine 
all  five  constants^^^  from  conventional  SBS  measurements.  In  the  article^^^  the 
X3-axis  was  chosen  to  be  parallel  to  the  molecular  c-axis  of  the  films  and  was 
in  the  plane  of  the  film.  TTie  x^-axis  was  chosen  to  be  normal  to  the  molecular 
c-axis  of  the  films  and  was  in  the  plane  of  the  film.  In  such  a  coordinate 
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system,  C33  (Cj^)  is  the  longitudinal  elastic  modulus  for  phonons  propagating 
parallel  to  the  film  and  parallel  (perpendicular)  to  the  molecular  axis.  Obser¬ 
vation  of  the  LGM  along  the  x^-axis  gave  the  value  of  the  modulus.  SBS 
measurements  along  for  different  films  thicknesses  provided  the  disper¬ 
sion  curves  for  the  RWs  and  SWs.  A  best  fit  to  the  data  points  of  the  RW 
and  SW  gave  values  of  the  C^2  elastic  modulus.  The  elastic  modulus  C33  was 
determined  from  the  position  of  the  LGM  peak  observed  in  the  X3-direction. 
To  obtain  the  last  two  moduli,  and  Q3,  Nizzoli  et  al.^”  fitted  the  RW  and 
bulk  peaks  in  the  SBS  spectrum  measured  in  the  Xg-direction. 

SAW  propagation  in  hexagonal  hBN  films  on  a  silicon  substrate  was  studied 
by  Wittkowski  et  al.^^^  It  was  claimed  that  four  independent  elastic  constants 
had  been  determined  from  the  frequency  dispersion  of  the  Rayleigh  and 
Sezawa  modes.  The  elastic  moduli  obtained  by  Wittkowski  et  al.  were  used 
to  describe  SAW  propagation  in  a  two  layer  system:  a  stiff  layer  of  cBN  on 
a  soft  layer  of  hBN  deposited  on  Si(lll).^^  The  GRW  below  shear  cutoff  and 
the  PS  AW  above  cutoff  were  detected  by  SBS.  It  was  found  that  incorporating 
the  hBN  interlayer  into  a  model  of  the  SBS  response  and  precise  thickness 
measurement  of  the  cBN  layer  and  hBN  interlayer  fully  describes  the  behav¬ 
ior  of  the  SAW  dispersion  in  deposited  cBN  layered  systems.  The  most 
prominent  example  of  application  of  SBS  in  studying  elastic  properties  of 
multilayered  systems  is  elastic  characterization  of  superlattices,  structures 
that  consist  of  altering  layers  of  different  media  with  different  thicknesses.^ 
The  ability  to  design  a  layered  structure  from  films  of  different  symmetry 
has  resulted  in  a  wide  variety  of  superlattices  with  different  elastic  proper- 
ties.^^^"^^^  SBS  has  proved  to  be  a  powerful  nondestructive  tool  for  the  elastic 
characterization  of  superlattices,  but  this  is  a  subject  beyond  the  scope  of 
this  chapter.  For  detailed  discussion  of  the  subject  see  Lomonosov  et  al.^  and 
Comins.^^ 


10.5  Concluding  Remarks 

Brillouin  scattering,  the  scattering  of  an  optical  wave  by  an  acoustical  wave, 
provides  a  method  to  measure  acoustical  velocities  at  submicrometric  wave¬ 
lengths,  corresponding  to  frequencies  ranging  from  a  few  gigahertz  to  above 
20  GHz  for  SAWs  and  up  to  above  100  GHz  for  bulk  waves.  Measurements 
are  contactless,  requiring  only  optical  access  to  the  sample,  and  local,  allow¬ 
ing  measurements  on  millimetric  and  submillimetric  specimens.  These  char¬ 
acteristics  qualify  Brillouin  scattering  as  a  nondestructive  ultrasonic  testing 
technique.  SBS  has  been  extensively  exploited  to  probe  the  acoustical  prop¬ 
erties  and  derive  the  elastic  properties  of  bulk  materials  and  thin  films.  SBS 
has  a  particular  potential  for  the  characterization  of  both  submicrometric 
and  nanometric  films.  The  principles  of  the  method  have  been  reviewed, 
and  the  technical  implementation  has  been  discussed.  An  overview  has 
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finally  been  given  of  various  recent  applications  of  SBS  to  the  characteriza¬ 
tion  of  various  types  of  materials  and  of  films. 

The  range  of  application  of  SBS  has  been  growing  in  recent  years  as  the 
dimensions  of  structures  used  in  industry  has  moved  down  to  the  nanoscale 
region,  for  which  SBS  measurements  of  SAWs  can  be  done  most  effectively 
It  must  be  noted  that  this  is  an  active  field  of  research;  the  performances  of 
SBS  for  the  elastic  characterization  of  films  are  being  pushed  further,  and 
nontraditional  applications  are  being  explored.  Indeed,  SBS  has  been  used 
to  study  the  melting  transition  of  tin  nanocrystals  embedded  in  a  silica  film, 
as  well  as  probe  residual  stress  through  the  acoustoelastic  effect.^^  Thin  films 
deposited  on  a  substrate  are  usually  in  a  state  of  stress  that  can  reach  several 
gigapascal,  as  in  the  case  of  epitaxial  films  such  as  Ge  on  Si,  and  surface 
wave  velocity  measurements  constitute  a  valuable  method  for  characterizing 
such  a  stress  state.  Otiier  growing  applications  exploit  the  contact-less  nature 
of  the  technique  to  extend  SBS  measurements  to  high  temperature^^^  and 
high  pressure^®^  regions.  Measurements  of  the  velocities  of  the  RWs  and  SWs 
in  thick  gold  film  at  4.8  GPa  demonstrated  the  potential  of  the  SBS  techniques 
in  high-pressure  physics  of  the  elastic  properties  of  opaque  materials. 
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11.1  Introduction 

Modern  technologies  require  materials  that  withstand  extreme  conditions  with 
high  reliability.  One  of  the  key  parameters  that  have  a  strong  impact  on  the  life 
expectancy  of  a  material  is  its  microstructure.  The  acoustic  microscope  was 
developed  as  a  tool  for  studying  the  internal  microstructure  of  nontransparent 
solids.  In  acoustic  microscopy  a  sample  is  imaged  by  ultrasound  waves,  and 
the  contrast  in  reflection  furnishes  a  map  of  the  spatial  distribution  of  the 
mechanical  properties.  Several  books  and  handbook  articles^**^  give  detailed 
historical  outlines.  Briefly,  the  development  of  the  first  high-frequency  scanning 
acoustic  microscope  was  motivated  by  the  idea  of  using  an  acoustic  field  to 
study  the  spatial  variations  of  the  elastic  material  properties  with  nearly  optical 
resolution.  The  first  experiments  date  back  to  the  1940s  when  high-frequency 
acoustic  images  were  obtained  by  the  Leningrad  scientist  Sokolov.^  He  observed 
an  acoustical  image  using  the  tube  named  after  him,  in  which  the  acoustic 
picture  was  converted  into  a  television  display  The  first  scanning  acoustic 
microscope  was  created  by  Lemons  and  Quate  at  Stanford  University  in  1973.^ 
It  was  mechanically  driven  and  operated  in  the  transmission  mode.  Since  then, 
gradual  mechanic^  and  electronic  circuit  improvements  have  been  made  and 
image  recording  has  been  automated.  In  general,  acoustic  microscopes  now 
work  in  the  reflection  mode,^  which  will  be  described  in  the  next  section. 

Many  applications  are  described  in  the  1992  book  Acoustic  Microscopy?'  Con¬ 
siderable  progress  in  the  acoustic  microscopy  of  solid  structures  has  been  made 
since  then.  Developments  in  the  theory  of  the  image  formation  of  subsurface 
defects®  and  three-dimensional  objects^'^®  allow  size  and  location  of  objects 
inside  solids  to  be  determined.  Combining  the  time-of-flight  technique  with 
acoustic  microscopy  provides  a  powerful  tool  for  investigating  adhesion 
problems^  as  well  as  the  microstructure  of  small  superhard  samples.^^  Acoustic 
n\icroscopy  can  be  used  to  visualize  stress  inside  solid  materials^^.  With  the 
development  of  the  ultrasonic  force  microscope^^  and  the  atomic  force  acoustic 
microscope, the  capability  of  the  conventional  acoustic  microscope  has  been 
expanded  to  nanometer  resolution.  Recent  developments  in  quantitative  acous¬ 
tic  microscopy  are  described  in  the  series  Advances  in  Acoustic  Microscopy}^'^^ 

The  main  objective  of  this  chapter  is  twofold.  First,  we  will  describe  the 
main  principles  and  the  theory  of  image  formation  and  interpretation  in 
acoustic  microscopy  Second  we  will  to  demonstrate  the  capabilities  of  acous¬ 
tic  microscopy  as  a  nondestructive  tool  for  studying  the  microstructure  of 
modern  materials. 


11.2  Basic  Principles  of  the  SAM 

The  scanning  acoustic  microscope  (SAM)  can  be  characterized  by  a  combi¬ 
nation  of  operating  principles  distinguishing  it  from  other  microscope  types. 


1462_Cll.fm  Page  655  Saturday,  October  4, 2003  12:00  AM 


Theory  and  Applications  of  Acoustic  Microscopy 


655 


These  principles  are  image  generation  by  scanning,  far-field  wave  imaging, 
and  the  use  of  acoustic  waves. 

Image  generation  by  scanning  is  basically  different  from  the  functionality 
of  a  conventional  optical  microscope,  which  is  the  oldest  microscope  type. 
The  conventional  microscope  can  be  considered  a  parallel  processing 
system^®  in  which  we  can  see  all  points  of  the  object  at  the  same  time.  In 
contrast  to  this,  the  SAM  is  a  sequential  imaging  system  in  which  a  piezo¬ 
electric  transducer  emits  a  focused  ultrasound  beam  that  propagates  through 
a  coupling  liquid,  usually  water,  to  the  sample.  The  beam  is  scattered  by  the 
sample,  and  the  scattered  ultrasound  wave  is  detected  piezoelectrically.  The 
output  signal  is  just  one  single  voltage.  As  the  sample  is  scanned,  the  voltage 
is  recorded  in  each  scanning  position  of  the  focus  and  a  grayscale  image  is 
generated.  While  medical  ultrasound  devices  scan  by  electronic  beam¬ 
steering,  acoustic  microscopes  mechanically  move  either  the  microscope 
head  or  the  sample. 

The  use  of  a  focused  beam  leads  to  the  second  operating  principle.  As  the 
focus  is  formed  by  converging  propagating  waves,  the  size  of  the  focal  spot 
(or  focal  area)  is  limited  by  diffraction.  Also,  as  the  detector  is  positioned 
remote  from  the  sample,  no  near-field  effects  of  the  waves  can  be  deployed. 
This  distinguishes  the  SAM  from  near-field  microscopes,  including  scanning 
atomic  force  acoustic  microscopes.  Two  different  techniques  are  commonly 
used  to  achieve  convergence  of  the  ultrasound  wave  in  the  SAM.  The  sim¬ 
plest  way  to  generate  a  focused  beam  is  to  employ  a  piezoelectric  transducer, 
which  is  already  shaped  like  a  spherical  cap.  Another  technique  is  used  in 
high  resolution  microscopes,  where  the  ultrasound  wave  is  focused  by  means 
of  an  acoustic  lens  made  from  a  buffer  rod  (Figure  11.1).  A  flat  transducer 
is  connected  to  one  end  face  of  the  buffer  rod.  A  spherical  cavity  is  ground 


plane  wave 
front 

buffer  rod 
spherical  lens 

coupling  liquid 
focused  beam 


FIGURE  11.1 

Schematic  diagram  of  the  reflection  acoustic  microscope. 
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into  the  other  face,  which  is  coated  with  a  quarter-wavelength  matching 
layer  to  increase  transmission.  The  ultrasound  radiated  from  the  lens  is 
coupled  by  a  fluid  (usually  water)  to  the  surface  of  a  solid  sample.  The 
spherical  lens,  (i.e.,  the  lens  with  a  spherical  cavity)  focuses  sound  onto  a 
spot  whose  size  is  comparable  with  the  sound  wavelength  in  the  fluid 
(Figure  11.1).  For  nondestructive  testing  purposes,  cylindrical  lenses,  which 
have  a  line  focus  are  often  applied.  Their  performance  is  better  than  that  of 
spherical  lenses  for  the  examination  of  surface  waves  propagating  in  aniso¬ 
tropic  media.^^ 

The  acoustical  microscopes  for  nondestructive  testing  usually  operate  in 
reflection  mode.  In  the  reflection  microscope,  the  same  lens  and  transducer 
as  for  emission  are  used  to  gather  the  waves  reflected  back  from  the  sample 
(Figure  11.1).  The  reflection  microscope  therefore  is  always  a  confocal  device. 
The  term  confocal  indicates  that  both  the  detection  and  the  emission  are 
focused  and  that  the  two  focal  points  coincide.^®  The  confocal  setup  sup¬ 
presses  contrast  from  sample  areas  outside  the  focal  point  and  thus  yields 
higher  resolution.  In  the  transmission  microscope,  the  forward  scattered 
waves  are  detected  by  a  second  unit,  and  confocal  operation  is  possible  by 
adjustment  of  the  detector. 

The  reflection  acoustic  microscope  operates  in  the  pulse-echo  mode^°;  the 
same  transducer  emits  the  acoustic  wave  and  receives  the  signal  scattered 
from  the  sample.  In  most  SAMs,  the  transducer  is  excited  with  a  narrowband 
tone-burst.  Time-limited  excitation  is  used  so  that  the  first  reflection  from 
the  sample  can  be  gated  out.^^  However,  the  theoretical  framework  for  inter¬ 
preting  images  is  simpler  when  a  single  frequency  is  considered.  More  details 
regarding  the  electrical  circuit  and  the  type  of  signal  used  in  the  acoustic 
microscope  can  be  found  elsewhere. 

Imaging  with  ultrasound  is  the  third  operating  principle.  The  operating 
frequencies  of  SAMs  are  between  100  MHz  and  2  GHz;  the  high  frequency 
provides  the  opportunity  to  obtain  accurate  measurement  results  for  crack 
and  void  distributions  with  a  resolution  of  up  to  1  \im  at  a  depth  of  10  pm. 
The  use  of  higher  frequencies  is  restricted  by  the  presence  of  wave  attenu¬ 
ation  in  the  coupling  liquid,  which  is  proportional  to  the  frequency  squared. 
The  maximum  possible  working  distance  between  the  microscope  and  a 
sample  therefore  is  about  60  pm  at  2  GHz.  The  electroacoustic  transducer 
always  emits  and  detects  the  sound  coherently.  This  is  the  reason  why 
acoustical  images  can  exhibit  granular  artifact  structures,  the  so-called 
speckle.  Speckle  in  ultrasound  imaging  (and  all  coherent  imaging  systems) 
is  caused  by  the  interference  of  waves  from  randomly  distributed  scatterers, 
which  are  too  small  to  be  resolved  by  the  imaging  system.  The  speckle 
degrades  both  the  spatial  and  the  contrast  resolution  in  acoustical  images, 
but  in  the  SAM  it  fortunately  does  not  often  occur. 

In  optics  a  similar  type  of  microscope  exists  —  the  scanning  optical  micro¬ 
scope  (SOM).  Though  in  this  microscope  light  waves  are  used  for  imaging 
while  acoustic  waves  are  used  in  the  SAM,  the  theory  of  image  formation 
is  very  similar  for  the  two  types  of  microscopes.^  Because  of  that  similarity. 
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FIGURE  11.2 

(a)  Optical  image  of  a  concrete  sample  made  with  limestone  aggregate  grains.  Magnification 
SO”  1.25;  (b)  Acoustical  imago  of  the  same  sample.  The  acoustic  image  was  made  at  ultrasound 
frequency  400  MHz,  defocus  value  Z  =  0.  The  image  size  is  loco’ll 000  gm. 

most  characteristic  parameters  developed  for  optical  confocal  microscopy^ 
such  as  point  spread  function,  optical  transfer  function,^  and  pupil  func¬ 
tion, can  also  be  used  in  scanning  acoustic  microscopy.  We  will  describe 
all  these  functions  in  the  next  section.  The  type  of  microscope  that  is  applied 
for  a  particular  task  depends  on  the  difference  in  underlying  contrast  mech¬ 
anisms  that  reveal  different  physical  properties.  Optical  images  reflect  the 
variation  of  optical  properties  such  as  the  refractive  index  of  the  sample 
surface;  the  contrast  in  acoustic  images  is  determined  by  the  variation  of  the 
acoustical  impedance.^  Figure  11.2  shows  optical  and  acoustical  images  of 
a  concrete  sample  loaded  with  ettringite.  Two  features  can  be  distinguished 
in  the  acoustical  image.  First,  there  is  a  rim  around  the  aggregates  that  is 
not  visible  in  the  optical  micrograph;  second,  large  voids  can  be  seen  in  the 
acoustical  image.  The  rim  was  identified  as  the  interfacial  transition  zone 
filled  with  ettringite.^^  Identification  of  the  interfacial  transition  zone  is  of 
importance  for  the  concrete  industry,  as  it  is  considered  an  important  factor 
of  concrete  deterioration. 

For  some  materals  the  SAM  provides  information  invisible  even  in  the 
scanning  electron  microscope.  Figure  11.3  shows  acoustic  and  scanning  elec¬ 
tron  microscope  images  of  a  granitic  aggregate  in  a  cement  matrix.  The  various 
mineral  compositions  were  identified  by  energy  dispersive  (X-ray)  spectros¬ 
copy  analysis.^  The  acoustic  image  in  Figure  11.3  demonstrates  various  types 
of  aggregate  grain  boundaries  within  the  matrix.^^  The  quartz  grains,  and  to 
some  extent  also  the  plagioclase  grains,  have  sharp  and  well  defined  bound¬ 
aries.  The  acoustical  images  are  much  sharper  than  the  scanning  electron 
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FIGURE  11. 

(a)  Acoustic  and  (b)  tlie  scanning  electron  microscope  images  of  a  concrete  sample  made  with 
granitic  aggregate  grains  and  Toiiland  cement  paste.  The  acoustic  image  was  made  at  400  MHz, 
Z  =  0.  The  image  size  is  lOOOnOOO  pm,  (From  Prasad,  M.  et  al.,  /.  Mater,  Sd.,  35,  3607,  2000. 
With  pennissiim,) 


FIGURE  11.4 

SAM  imago  made  by  OXSAM  of  a  standard  epoxy  layer  on  aluminum  at  300  MHz:  (a)  Z  =  0; 
(b)  Z  =  -20  |im. 

microscope  image.  This  is  important  for  analysis,  as  the  smooth  boundaries 
of  quartz  and  plagioclase  grains  imply  chemical  inertness  of  the  aggregates. 

Images  made  by  the  SAM  are  called  C-scans.  They  are  obtained  when  the 
acoustic  microscope  mechanically  scans  a  sample  in  a  plane  parallel  to  the 
sample  surface.  Figure  11.4  represents  C-scan  images  of  an  epoxy  layer  on 
aluminum  at  different  defocus  positions  (Z).  Images  obtained  at  different 
defocus  positions  allow  the  depth  of  voids  to  be  located  and  their  size  to  be 
estimated.  Voids  can  be  considered  as  strong  scatterers  and  the  brightness  of 
the  small  void  image  is  maximal  when  the  focal  point  of  the  microscope  is 
in  coincidence  with  the  void.  The  image  of  the  side  of  an  epoxy  layer  reveals 
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many  small  surface  defects  as  can  be  seen  from  Figure  11.4(a).  The  image  in 
Figure  11.4(b)  is  focused  on  the  epoxy/aluminum  interface;  bright  spots  can 
therefore  be  attributed  to  voids  or  small  bubbles  close  to  the  interface. 

The  first  transmission  SAM,  created  by  Lemons  and  Quate,  was  a  confocal 
microscope,  as  the  focal  point  of  the  transmitting  lens  was  in  coincidence  with 
that  of  the  receiving  lens.  It  is  interesting  to  note  that  the  transmission  micro¬ 
scope  is  mostly  used  in  nonconfocal  mode,  in  a  two-lens  acoustic  microscope.^ 
Two-lens  microscopy  permits  a  variety  of  different  techniques.  In  the  ultra¬ 
sonic  flux  imaging  technique^'^^,  two  point  focus  lenses  are  focused  on  the 
opposite  faces  of  a  crystal.  Such  a  lens  configuration  makes  visible  a  fascinat¬ 
ing  picture  of  bulk  sound  waves  propagating  in  an  anisotropic  solid — a  very 
effective  method  of  determining  elastic  constants  of  crystals.^^  Tsukahara 
et  al.^^  used  a  spherical  lens  as  the  transmitter  and  a  planar  transducer  as  the 
detector  to  measure  the  reflection  coefficients  of  anisotropic  solids. 

Time-resolved  acoustic  microscopy  adds  an  additional  degree  of  freedom 
to  visualize  the  internal  microstructure  of  solids,  namely  time-of-flight.  For 
layered  materials,  the  reflected  signal  represents  a  train  of  pulses.  The  signal 
detected  is  displayed  vs.  the  time  of  occurrence  (A-scan).  The  first  pulse  is 
attributed  to  the  reflection  from  the  liquid/sample  interface.  The  second  pulse 
appears  as  a  result  of  reflection  from  the  first  internal  interface.  The  time  delay 
of  the  pulses  and  their  amplitudes  provides  information  about  the  elastic 
properties  and  attenuation  of  sound  in  the  layer.  The  combination  of  the  time- 
of-flight  method  with  mechanical  scanning  along  a  line  is  called  B-scan.  The 
B-scan  produces  a  sectional  view  through  the  sample  Time-resolved  acoustic 
microscopy  helps  to  investigate  adhesion  problems,^^  and  is  a  very  powerful 
tool  for  characterizing  subsurface  cracks.^  Figure  11.5  shows  C-  and  B-scans 
of  blister  located  at  the  interface  between  epoxy  coating  and  aluminum  at 


FIGURE  11.5 

SAM  image  made  by  OXSAM  of  a  l-p-m  epoxy  layer  on  10-pm  oxide  anodized  alumina  on 
aluminum  at  300  MHz:  (a)  Z  =  ^15  nxn;  (b)  time-resolved  image  made  at  Z  =  -15  jim,  field  of 
view  is  50  nsec*300  mn. 
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300  MHz  of  a  l-|im  epoxy  layer  on  a  101-iim  oxalic  acid  anodized  oxide  layer 
on  aluminum.  The  blisters  were  developed  in  the  sample  during  11  days  in 
hot  water  (60^C).  Images  were  made  by  OXSAM,  the  microscope  built  in 
Oxford.^  The  time-resolved  image  (Figure  11. 5  [b])  makes  the  shape  of  the 
blister  visible  and  also  provides  information  about  delaminations. 


11*3  Theory  of  Image  Formation  in  the  SAM 

One  of  the  main  features  of  acoustic  microscopy  is  the  possibility  to  visualize 
structures  below  the  object  surface,  as  no  materid  is  totally  acoustically  opaque. 
In  acoustic  microscopy  we  therefore  have  to  do  with  three-dimensional 
image  formation;  reflected  acoustic  waves  come  not  only  from  a  single  plane, 
but  also  from  the  layers  located  above  and  below  the  focal  plane.  As  a  result, 
SAM  images  are  often  difficult  to  interpret  directly,  and  a  theoretical  formu¬ 
lation  is  required  to  understand  their  basic  features.  A  theory  is  also  neces¬ 
sary  to  obtain  quantitative  information  about  subsurface  features  such  as 
location  and  size  of  voids  and  elastic  properties  of  subsurface  micro-objects. 

To  obtain  the  analytical  solution  of  the  output  signal  of  the  microscope  we 
assume  that  the  duration  of  the  radio  frequency  signal  of  the  microscope  is 
long  enough  to  justify  continuous-wave  analysis  for  the  scattering  problem. 
For  example,^^  the  field  of  the  radiator  may  be  described  as  a  continuous 
wave  solution  if  the  pulse  train  contains  several  oscillations  of  the  carrier 
frequency  and  the  pulse  length  is  large  in  comparison  to  the  sample  area 
relevant  to  contrast  formation. 

The  direct  way  to  derive  the  output  signal  of  the  acoustic  microscope 
consists  of  five  steps: 

1.  Simulation  of  the  propagation  inside  a  sapphire  rod  of  the  acoustical 
wave  generated  by  a  piezoelectric  transducer  situated  at  one  end 

2.  Diffraction  of  the  sound  wave  by  a  spherical  cavity  serving  as  the 
focusing  lens  at  the  other  end  and  propagation  of  the  focused  wave 
through  an  immersion  liquid  to  the  sample 

3.  Analysis  of  the  sound  backscattered  by  the  object 

4.  Diffraction  of  the  backscattered  waves  by  the  spherical  cavity 

5.  Propagation  of  the  acoustic  wave  through  the  rod  and  generation  of 
the  electrical  signal  by  the  transducer 

Each  of  these  steps  requires  tedious  simulations.  Fortunately,  application  of 
the  electromechanical  reciprocity  principle  as  formulated  by  Auld^^  and  of 
the  Fourier  transform  approach  (spectrum  approach)  provides  an  elegant 
way  to  formulate  the  theory  of  image  formation  in  scanning  acoustic  micros¬ 
copy  in  an  analytical  form.^'^^'^^^®  With  the  aid  of  the  reciprocity  principle. 
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Transducer 


FIGURE  11.6 

Model  of  the  reflection  acoustic  microscope  used  for  calculation:  spherical  transducer  with  focal 
length/,  three-dimensional  object  defocused  by  Z,  and  shifted  aside  by  R, 

the  detection  properties  of  the  microscope  can  be  attributed  to  the  emission 
properties.^^  With  the  spectrum  approach  the  propagation  of  waves  from 
one  plane  to  another  parallel  one  can  be  described  simply  by  including  a 
propagation  factor.  In  the  following  paragraphs  we  will  formulate  the  theory 
of  the  image  formation  in  reflection  and  transmission  microscopes  using  the 
Fourier  spectrum  approach.^'^® 

The  model  of  the  reflection  acoustic  microscope  as  it  is  used  for  calculation 
is  presented  in  Figure  11.6.  A  time  harmonic  acoustic  field  at  an  arbitrary 
position  in  the  immersion  liquid  can  be  represented  by  its  scalar  potential 
(see  Chapter  1).  The  time  factor  exp(~zY)  is  suppressed  as  follows,  (O 
being  angular  frequency.  As  O  must  satisfy  the  Helmholtz  equation,  every 
solution  can  be  decomposed  into  plane  waves  exp(z/c^  +  ik^  +  ik^)  with  wave 
vector  k  =  {k^,  k^),  I  fc  I  =  cd/c,  and  c  being  the  velocity  of  sound  in  the 

coupling  liquid.  If  fc/  +  fc/  <  fc^,  then  fc^  =  ±.^fc^-fc^-fcy.  Such  waves  are 
denoted  as  homogeneous  waves.  The  positive  or  negative  sign  is  for  waves 
propagating  in  the  positive  or  negative  z~direction,  respectively.  If  fc/  +  fc/  >  k^, 
then  fc^  =  ±i^k^  +  fc^  -  fc^  will  be  imaginary.^^  This  means  that  the  wave  expo¬ 
nentially  decays  in  the  positive  or  negative  z-direction,  respectively.  Such 
waves  are  denoted  as  evanescent  waves.  They  are  important  to  describe  a  field 
in  the  vicinity  of  irregular  structures  (near-field  imaging).  We  assume  that  the 
whole  acoustic  wave  with  a  potential  ^  is  propagating  and  evanescing  either 
in  the  positive  or  in  the  negative  z-direction,  and  the  sign  of  fc^  is  therefore 
unambiguous.  The  two-dimensional  angular  spectrum  H(fc^,  fc^,  z)  of  ^(x,  y,  z) 
at  fixed  coordinate  z  =  Z  is  then  defined  by  the  double  Fourier  integraP^ 


=  j  J  <i>{x,y,Z)exp[-i{k^x+k^y)]dxdy 


(11.1) 
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Conversely,  the  potential  can  then  be  written  as  the  inverse  Fourier  transform 
of  the  angular  spectrum. 


0(x,i/,Z) 


U{k^,  Z)exp[i{k^x  +  k^y)]dkjk^ 


(11.2) 


The  inverse  Fourier  transform  (Equation  11.2)  represents  the  acoustic  field 
in  the  plane  Z  as  a  superposition  of  plane  waves  exp{ikjpc  +  ik^).  A  detailed 
description  of  the  Fourier  transform  and  its  properties  can  be  found  else¬ 
where.'*'’  Atalar^^  applied  Auld's  reciprocity  principle  to  derive  the  output 
voltage  V  of  the  detector  of  the  reflection  SAM  in  terms  of  angular  spectra 
on  an  arbitrary  plane  z 

y  =  1 1  uA-K,-k,)u,{K,K)KdKdk^  (11.3) 

where  is  the  angular  spectrum  of  the  field  the  microscope  detector 

emits  into  the  coupling  liquid,  is  the  angular  spectrum  of  the  field 

resulting  from  scattering  of  the  field  incident  on  the  object.  It  is  the  spectrum 
of  the  field  the  microscope  detects.  In  Equation  11.3  a  proportionality  con¬ 
stant  is  omitted.  The  position  of  the  plane  z  at  which  the  spectra  are  evaluated 
is  the  same  for  both  but  z  can  be  chosen  arbitrarily.  In  the  following,  we  will 
take  the  spectra  in  the  focal  plane  where  they  might  occur  only  virtually  if 
the  focus  lies  inside  the  object.  We  can  interpret  the  signal  generation  as 
follows:  A  scattered  field  plane  wave  component  with  a  particular  wave 
vector  ifcy,  is  weighted  with  the  emission  strength  of  the  emitted  plane 
wave  with  wave  vector  -k^r  -k^.  So  the  weighting  factor  belongs  to  the 
emitted  plane  wave  traveling  exactly  in  the  direction  opposite  to  the  detected 
plane  wave.  The  weighting  factor  represents  the  detection  properties  of  the 
transducer  which  are  equal  to  the  emission  properties.  This  is  a  consequence 
of  the  electromechanical  reciprocity  principle  for  transducers.  Finally,  the 
detection  is  integrated  coherently. 

The  expression  in  Equation  11.3  is  also  valid  for  the  transmission  micro¬ 
scope.^^  Then  U,  is  the  spectrum  the  detecting  transducer  would  emit  if  it 
were  driven  as  the  source.  Note  that  for  both  microscope  types  Lf,.  describes 
properties  of  the  detector.  A  comprehensive  derivation  of  Equation  11.3  can 
be  found  elsewhere.'^^  Representation  of  the  output  signal  in  the  form  of 
Equation  11.3  provides  a  relatively  simple  way  to  omit  steps  (4)  and  (5)  in 
the  description.  The  problem  of  image  formation  therefore  reduces  to  the 
simulation  of  the  incident  beam  and  to  its  scattering  by  an  object. 

The  microscope  is  most  easily  modeled  as  a  focusing  transducer  with  the 
shape  of  a  spherical  cap  radiating  directly  into  the  coupling  liquid  (Figure  11.6). 
We  describe  the  strength  of  the  emitted  wave  field  along  the  transducer 
surface  by  the  pupil  function  P(0,  (p),  with  6  and  (p  denoting  the  meridianal 
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and  azimuthal  angles  of  the  vector  from  a  point  on  the  transducer  surface 
to  the  focal  point  (see  Figure  11.6).  The  origin  of  the  coordinate  system  is 
placed  in  the  focus  of  the  transducer.  The  positive  z-direction  is  chosen  away 
from  the  emitter.  Due  to  reciprocity,  the  pupil  function  also  describes  the 
sensitivity  of  this  transducer  and  might  contain  a  phase  factor  to  account  for 
aberration.^'^^^^  The  pupil  function  here  does  not  have  a  unit.  It  may  be 
regarded  as  proportional  to  the  oscillation  velocity. 

Spherical  transducers  can  be  produced,  for  example,  from  piezoelectric 
plastic  foils.^  However,  the  spherical  transducer  can  also  serve  as  a  model 
for  the  usual  system  consisting  of  a  planar  transducer,  a  buffer  rod  guiding 
the  acoustic  wave,  and  a  spherical  concave  lens  forming  a  converging  wave. 
The  two  simply  must  emit  the  same  angular  spectrum.  For  numerical  sim¬ 
ulations  several  pupil  functions  are  often  used.  The  most  elementary  pupil 
function,  which  is  discontinuous  at  the  edge  of  the  aperture  with  opening 
semiangle  a,  has  the  form 


P(e)= 


fi,e<a 

[0,0  >  a 


(11.4) 


Here  every  part  of  the  transducer  moves  equally  towards  the  coupling  liquid. 
More  realistic  modelling  for  a  plane  transducer  insonifying  only  a  circular 
fraction  of  the  lens  is  provided  by  a  pupil  function  that  is  continuously 
differentiable  at  the  edge:^ 


P(e)  = 


6<a 

0>a 


(11.5) 


It  has  been  shown  that  the  pupil  function  of  the  microscope  can  be  derived 
from  images  of  a  rigid  spherical  particle  when  the  focal  point  is  scanned 
along  the  sphere's  half  radius. The  two-dimensional  pupil  function  (abso¬ 
lute  value)  of  an  acoustic  microscope  is  presented  in  Figure  11.7.  It  is  nonzero 
only  inside  the  circle  J(k^  f  +  {ky  f  <k  sin  a  .  The  broad  fringes  exhibit  the 
sound  field  generated^by  the  piston  transducer,  while  the  small  rings  are 
artifacts  from  imperfect  scanning. 

Our  first  task  is  to  find  the  angular  spectrum  of  the  field  emitted  by  a 
focusing  transducer  with  given  pupil  function.  We  will  calculate  the  (dis¬ 
placement)  potential  distribution  in  the  focal  plane,  from  which  the  angular 
spectrum  is  easily  derived.  By  application  of  the  Huygens-Fresnel 
principle^P*  the  field  ^  at  a  point  r  whose  distance  from  the  focal  point 
is  small  compared  to  the  focal  length /of  the  transducer  is  given  by 


2n  k/2 


<p  (r)  =  — f  UoP(0,(p)^^^^^^/^sin0^f0d(p  (11.6) 

2it  j  J  s 
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FIGURE  11.7 

Experimental  image  of  the  pupil  function  of  the  ELSAM  400  MHz  lens.  Image  was  obtained 
by  imaging  a  steel  sphere  Qca  =  334),  focusing  at  half  radius  of  the  sphere.  (From  Weise,  W.  et  al., 
/.  Acoust.  Soc.  Am.,  104, 181,  1998.  With  permission.) 

where  s  denotes  the  distance  between  point  Q  on  the  transducer  surface  and 
point  S,s=\r-q\  (see  Figure  11.6).  The  product  u^  P(0,  (p)  is  the  displace¬ 
ment  of  the  transducer  surface.  The  integration  can  be  performed  over  the 
whole  upper  hemisphere,  as  the  aperture  is  restricted  by  P(6,  (p).  In  the 
vicinity  of  the  focal  point,  r<s:/,s ,  and  we  have  in  good  approximation 

(s-f)^e^r  (11.7) 

where  is  the  unit  vector  directed  along  vector  q.  Introducing  Equation  11.7 
into  the  exponential  function  in  (11.6)  and  replacing  s  by/in  the  denominator 
of  the  integrand  of  Equation  11.6  we  obtain  the  following: 


)  =  _  «o£^PM  j  I  exp(ftc, (0, (p)r)P(e, q))/sin erf0d(p  (11.8) 

0  0 

In  the  limit/ «>  (Debye  approximation'^' ^^),  this  equation  is  valid  through¬ 
out  the  whole  space.^^'^^  It  expresses  the  field  in  the  focal  region  as  a 
superposition  of  plane  waves  whose  propagation  vectors  fall  inside  a  geo¬ 
metrical  cone  formed  by  drawing  straight  lines  from  the  edge  of  the  aperture 
through  the  focal  point,  which,  in  contrast  to  the  usual  Debye  integral,^^  are 
weighted  with  P(0,  tp).  The  vector  (0,  (p)  has  now  assumed  the  meaning 
of  the  wave  vector  fc,  and  we  may  say  that  each  point  on  P(0,  cp)  is  responsible 


— ^ 
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for  the  emission  (and,  by  reciprocity,  for  the  detection)  of  the  plane  wave 
component  emitted  along  the  line  from  the  point  on  P(0,(p)  through  the  focal 
point. 

To  find  the  angular  spectrum  of  the  emitted  field  in  the  focal  plane,  we  set 
the  third  coordinate  of  r  equal  to  zero  and  substitute  Cartesian  coordinates 
for  the  angular  integration  variables.  For  the  vector  components  of  k  hold: 

sinO  coscp 

/Cy  =  fcsin0  sin(p  (11.9) 

=  coscp  =  ^k^-kl-kl 

The  Jacobi  determinant  corresponding  to  Equation  11.9  yields 


sin  ederfcp  =  —  dkM  =  dkjk^  (11.10) 

^  fc^cose  ^  ^ 

Denoting  the  Cartesian  coordinates  of  r  by  x,  y,  z.  Equation  11.8  can  be 
rewritten 


^/x,y,z  =  0) 


Pik^,k^)exp[i{k^x+k^y)] 


dkjik^ 


(11.11) 


Up  to  a  constant  Pik^JCy)  is  defined  as: 


P{Krk^)  = 


P(0,cp).  kl^kl<k^ 

0,  elsewhere 


(11.12) 


with  the  relation  between  0,  (p,  and  A^,  Ay  as  given  by  Equation  11.9.  From 
the  definition  of  P(A:^,  A:^)  we  could  set  the  integration  limits  in  Equation  11.11 
to  infinity.  In  Equation  11.11  obviously  is  the  two-dimensional  inverse 
Fourier  transform  of  the  function  P(A:^,  k^)/ik  kf).  Comparison  with 
Equation  (11.2)  shows  that  this  is  the  angular  spectrum  of  the  transducer 
field  in  the  focal  plane  provided  that  <l>.(x,  y,  0)  has  the  same  Fourier  trans¬ 
form  as  the  transducer  field  in  the  focal  plane.  However,  Equation  11.11 
might  not  describe  the  field  in  the  focal  plane  far  away  from  the  focal  point. 
But  if  both  fields  are  focused,  the  squared  field  amplitude  I  1  ^  integrated 
over  the  focal  plane  but  excluding  the  region  around  the  focal  point,  will  for 
both  give  approximately  zero  (almost  all  the  radiated  energy  passes  through 
the  focal  region).  Hence,  from  Parseval's  theorem,  the  contribution  of  the 
field  in  these  outer  regions  to  the  Fourier  transformation  may  be  neglected. 
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FIGURE  11.8 

Calculated  acoustic  field  near  the  focus  of  an  elementary  acoustic  naicroscope  lens  with 
semiaperture  angle  a  =  20°.  (From  Weise,  W.,  PhD  thesis.  University  of  Bremen,  1997.  With 
permission.) 


and  the  two  fields  can  be  described  by  the  same  angular  spectrum  through¬ 
out  the  focal  plane.  We  can  therefore  write: 

It  should  be  noted  that  function  P{k^,k^)  is  defined  in  a  spatial  coordinate 
system  rather  than  in  the  frequency  (fc)  space,  and  it  cannot  be  interpreted 
as  an  angular  spectrum.  Equation  11.13  is  a  result  of  the  application  of  the 
Debye  approximation.  "In  the  Debye  approximation,  there  is  not  an  abrupt 
cut-off  not  of  the  incident  field,  as  in  Kirchhoff  approximation,  but  of  the 
angular  spectrum  of  the  incident  field."^'*’'^^  Figure  11.8  shows  the  ampli¬ 
tude  of  the  acoustical  field  distribution  near  the  focus  of  the  spherical  lens 
with  the  pupil  function  (Equation  11.4).^'  It  is  called  point  spread  function 
(PSF)  because  it  illustrates  "what  should  be  a  point  focus  by  geometrical  optics 
is  spread  out  by  diffraction."^  For  the  simple  pupil  function  (Equation  11.4) 
the  lateral  distribution  (field  in  the  focal  plane)  is  given  by  a  jinc  function 


/,(Icr,  sing) 
‘  fcr,  sing 


(11.14) 
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where  r^  =  -^x^+y^  and  /j  is  the  cylindrical  Bessel  function.  The  axial  field 
distribution  (acoustical  field  along  the  z-axes:  x  =  0,  y  =  0)  is  described  by  a 
sine  function: 


sin[te(l-cosa)] 

^  '  fe(l-cosa) 

Equation  11.14  and  Equation  11.15  provide  the  lateral  and  the  axial  resolu¬ 
tions  of  the  SAM.  The  jinc  function  has  a  maximum  at  =  0,  the  first  zero 
of  ^(r  J  is  given  by  the  Airy  radius^^'  ^ 


_  0.61^1 
sin  a 


(11.16) 


where  X  is  the  wavelength  of  the  sound  wave  in  the  immersion  liquid.  The 
Rayleigh  criterion  states  "that  the  images  of  two  points  may  be  considered 
resolved  if  the  principal  diffraction  maximum  of  one  falls  exactly  on  the  first 
diffraction  minimum  of  the  other."^^  Equation  11.16  gives  the  distance 
between  the  maximum  and  the  first  minimum  of  the  acoustic  field  in  the 
focal  plane;  it  is  called  Rayleigh  distance^  and  determines  the  axial  resolu¬ 
tion  of  the  SAM.  A  detailed  discussion  of  the  different  resolution  criteria  can 
be  found  in  the  book  by  Kino.'^ 

The  axial  resolution  (resolution  along  the  z-axes)  can  be  defined  in  the 
same  way.  The  distance  between  the  maximum  and  the  first  minimum  along 
the  z-axes  is 


0.5^ 

(1-cosa) 


(11T7) 


Equation  11.17  determines  the  axial  resolution  of  the  SAM.  Figure  11.9  illus¬ 
trates  the  behavior  of  the  resolution  of  SAM  operating  at  1  GHz  (Equation 
11.16  and  Equation  11.17)  as  a  function  of  the  aperture  angle.  The  lateral 
resolution  depends  weakly  on  the  aperture  angle  (Figure  11.9).  It  is  1.1-pm 
for  a  lens  with  a  semiaperture  angle  of  60^  at  1  GHz.  In  contrast  to  this,  the 
axial  resolution  can  be  improved  by  a  factor  of  6  by  increasing  the  semiap¬ 
erture  angle  from  20  to  60*^.  For  a  microscope  with  a  small  angle  lens,  the 
focal  length  (the  length  of  the  main  maximum  of  the  field  in  the  axial 
direction)  is  much  longer  (see  Figure  11.8)  than  the  focal  width  (the  width 
of  the  main  peak  in  the  radial  direction).  Due  to  the  high  attenuation  of 
sound  in  water,  the  highest  frequency  used  in  commercial  microscopes  is  2 
GHz.  In  order  to  minimize  the  attenuation,  Hamidioglu  and  Quate^®  used 
boiling  water  as  the  immersion  liquid.  They  achieved  a  resolution  of  0.2  |xm 
at  4.4  GHz.  Foster  and  Rugar^^  were  able  to  obtain  a  resolution  of  20  rmv  in 
low-velocity  superfluid  liquid  helium  at  a  temperature  of  0.2  K. 
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Aperture  angle  (degree) 


FIGURE  11.9 

Calculated  lateral  (Equation  11.16)  and  axial  (Equation  11.17)  resolutions  of  a  SAM  operating 
at  1  GHz  as  a  function  of  the  aperture  angle  a.  Water  was  chosen  as  immersion  liquid  for 
simulations. 

Now  we  know  the  spectrum  incident  on  the  object  and  we  want  to  calcu¬ 
late  the  scattered  spectrum.  Consider  imaging  of  a  three-dimensional  object 
as  depicted  in  Figure  11.6.  In  the  case  of  a  reflection  microscope,  the  same 
transducer  serves  as  emitter  and  as  detector,  while  for  the  transmission 
microscope  the  detector  is  situated  confocally  across  from  the  emitter.  We 
will  use  three  coordinate  systems,  (x,  y,  z)  with  origin  in  the  focal  point  and 
(x',  y'r  zO  in  point  O'  linked  to  the  particle.  The  z-  and  z'-axis  are  directed 
away  from  the  emitter  (Figure  11.7).  The  coordinates  of  the  system  O'  are 
(X,  y,  Z)  from  the  focal  point.  We  introduce  also  an  intermediate  coordinate 
system  with  its  origin  in  point  O"  with  vector  (x,  y,  z'). 

Following  Somekh  et  al.^  we  determine  the  density  of  the  back  scattered 
spectrum  or  the  scattering  function  kj)  in  the  system  O'  linked  to 

the  particle  as  the  spectrum  of  the  reflected  field  in  response  to  the  incident 
spectral  component  with  wave  number  coordinates  (k^'  k'y  The  spectrum  U- 
of  the  incident  field  as  well  as  the  spectrum  U'  of  the  reflected  field  are  also 
given  in  the  spatial  coordinate  system  that  originates  at  O'.  Since  the  mag¬ 
nitude  of  k  is  fixed,  the  wave  vector  is  completely  specified  by  the  vector 
=  (K'  V'  K  wave  vector  components  of  the  scattered  field,  and 

k^,  k'  denote  the  wave  vector  components  of  the  incident  field.  To  calculate 
the  spectrum  of  the  scattered  field  we  must  integrate  over  all  incident  spec¬ 
tral  components 


Now  we  have  to  determine  the  reflected  spectrum  with  the  help  of  the 
incident  spectrum  in  system  O,  and  then  express  the  reflected  spectrum  in 
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system  O'.  Let  us  first  express  the  spectrum  U-  incident  in  the  focal  plane 
system  O  in  system  O"  (see  Figure  11.6).  The  spectrum  U"  incident  on  the 
object  plane  at  position  Z  is  calculated  by  including  a  propagation  factor 
expiikfZ) 


=  UfKX^)exp{ik:  Z)  (11.19) 

For  the  incident  spectrum  fc'  =  .  Here  we  introduce  the 

notation  for  the  incident  and  scattered  spectra  in  system  O"  as  U"{kf,  kf)  and 
k^,  respectively.  It  should  be  noted  that  as  the  incident  wave  propa¬ 
gates  in  the  positive  direction,  the  phase  shift  is  positive  if  Z  is  positive.  The 
spectrum  in  system  O"  and  O'  can  be  linked  wi^  the  help  of  the  shift  theo- 
rem.^^'  p-  ^  Since  x  =  x'  +  X,i/  =  y' + Y,  the  spectrum  of  the  shifted  object  is 

= Li;'(fc;,/c;)exp[f(k;x + k;Y)]  (11.20) 

Introducing  first  (11.20)  and  then  (11.19)  into  (11.18),  we  obtain  for  li/(/c^,  k^) 


00  oo 


(11.21) 


To  return  to  system  O,  the  spectrum  U'JJc^  k^)  is  first  shifted  to  the  O"  s)^tem 
by  multiplying  by  exp[-i(fc,X  +  k^Y)] 

U[\K.ky)  =  U:{K,k^)exp[-i{k^X + k/)]  (11.22) 

Since  the  integration  in  Equation  11.3  is  made  on  the  focal  plane  we  must 
return  to  the  focal  plane  by  multiplying  Equation  11.22  by  exp{-ik^Z)  : 


^siKrK)  =  U:iKrk^)exp[-iiKZ)]  (11.23) 

For  the  reflection  SAM,  we  have  k^  =  /  since  the  backscat- 

tered  wave  propagates  opposite  to  the  z-direction.  Combining  Equation  11.3, 
Equation  11.13,  and  Equation  11.21  to  Equation  11.23,  we  obtain  the  output 
signal  of  the  reflection  SAM  as 


F(x,y,z)=  J  j  j  jp(-k,,-k^}P(k',k;)s,(k,,k^,k'>k;) 

dk'dk’dkJk. 


expUiK  -  K)^ + (K  -  + (K  -  K)Z] 


kk' 


Y  (11.24) 
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On  an  additional  assumption.  Equation  11.24  is  valid  for  the  transmission 
acoustic  microscope  as  well.  The  main  difference  from  the  reflection  micro¬ 
scope  is  that  =  +Jk^  -(Kf  -{kyf  .  Additionally,  in  the  transmission  micro¬ 
scope,  transmitting  and  receiving  lenses  may  have  different  pupil  functions. 
Then  the  first  pupil  function  in  Equation  (11.24)  belongs  to  the  detector  and 
the  second  to  the  emitter. 

An  analytical  expression  for  the  integral  in  Equation  11.24  can  be  derived 
only  in  a  few  cases  of  simply  shaped  objects:  solid  half-space,^^  spherical 
particle,®^  subsurface  spherical  cavity,®  disk,^®  cylindrical  inclusion,^^  and 
surface-breaking  crack.^®'^^  We  will  consider  most  of  these  cases  in  this  chap¬ 
ter.  When  an  analytical  solution  cannot  be  derived,  several  mathematical 
methods  can  be  used  to  understand  the  basic  features  of  image  formation 
for  complex  objects.  One  of  these  is  the  method  of  stationary  point.^^  Despite 
its  complex  rigorous  formulation,^  it  is  very  often  implicitly  used  in  image 
interpretation.  One  prominent  example  is  the  derivation  of  the  formula  for 
the  period  of  the  V{Z)  oscillations  related  to  the  generation  of  the  Rayleigh 
surface  wave.^^  Parmon  and  Bertoni^  postulated  that  the  periodical  character 
of  the  so-called  V{Z)  curve  is  determined  by  interference  of  two  rays:  the 
central  ray  and  the  ray  that  excites  the  Rayleigh  wave  on  the  surface  of 
the  solid  half-space  (see  Figure  11.10[a]).  In  this  model  only  rays  hitting  the 
surface  of  the  hemispherical  transducer  perpendicularly  should  be  taken 
into  account.  These  rays  appear  to  come  from  the  focus  when  they  intersect 
the  transducer®^  and  have  a  stationary  point  in  the  integral  in  Equation  11.24. 
The  use  of  the  method  of  a  stationary  point  for  interpreting  acoustical  images 
is  closely  related  to  the  fact  that  we  used  the  Debye  approximation  for 
deriving  Equation  11.24.  According  to  Stamnes,^  the  Debye  approximation 
"is  a  geometrical-optics  approximation  in  the  sense  that  only  the  contribution 
of  the  interior  stationary  points  is  accounted  for  the  asymptotic  evaluation 
of  the  angular  spectrum;  the  end  point  contribution  is  neglected." 


11.3.1  Two-Dimensional  Objects 
11. 3. hi  Signal  from  a  Half-Space 

Knowing  the  general  expression  for  the  output  signal  of  the  SAM,  we  can 
derive  the  expression  of  the  images  of  simply  shaped  objects.  We  start  with 
the  simplest  case,  the  SAM  signal  from  a  homogeneous  half-space.  In  this 
case,  we  can  present  the  spectrum  of  the  reflected  field  as  a  simple  multipli¬ 
cation  of  the  incident  field  and  the  reflection  coefficient.®^ 


From  Equation  11.3  and  Equation  11.18  we  obtain 


(11.26) 
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FIGURE  11.10 

(a)  Ray  model  interpretation  for  the  paths  of  different  wave  components  in  the  case  of  negative 
defocus  (Z  <  0).  CO'  is  the  trajectory  of  a  specular  or  geometrical  wave.  BGHD  is  the  trajectory 
of  a  leaky  (pseudo)  Rayleigh  wave.  In  the  ray  model  the  leaky  Rayleigh  wave  is  excited  by  ray 
BG,  striking  the  surface  at  the  angle  6saw=  ^w/^saw*  AO'E  is  the  trajectory  of  the  edge  wave. 
Rays  AF,  BG,  HD,  and  EK  are  assumed  to  be  normal  to  the  hemispherical  surface  and  appear 
to  come  from  the  focus  when  they  intersect  the  transducer  and  liquid /solid  interface,  (b) 
Magnitude  (solid  line)  and  phase  (dotted  line)  of  the  reflection  coefficient  from  a  water/ 
superhard  amorphous  carbon  interface. 
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where  5  is  the  Dirac  delta  furrction.  Substituting  Equation  11.26  into  Equation 
11.24,  we  finally  have  as  the  output  signal  for  the  reflection  microscope 

7  f  dkJK 

V(Z)  =  J  j  P(-fc„-fc,)P(fc,,fc,)9t(fc.,fc,)exp(i2fc,Z)-^  (11.27) 

The  fact  that  the  signs  in  the  arguments  for  the  two  pupil  functions  are 
different  is  important  to  investigating  the  inclined  surfaces.®^  Taking  into 
account  that  in  the  Debye  approach  the  maximum  angle  of  integration  is 
restricted  by  the  semiaperture  angle  a  of  the  pupil  to  ^(k'f  +  (ICy  ^  ksinaf 
and  introducing  spherical  coordinates  in  k  space,  we  can  replace  Equation  11.27 
by 

2n  a 

V(Z)  =  j  d(pJp(e^r%)P(dj,,%+n)3i(e^,(p^)exp(i2kcose^Z)sine^de,^ 

0  0 

(11.28) 

Assuming  isotropy  of  the  pupil  function  and  integrating  over  (p*.  we 
obtain  an  expression  for  the  signal  variation  with  the  distance  from  the 
sample 

a 

Y(Z)  = - Ys - f  p^(e)9i(0)exp(f2kZcose)sined0  (11.29) 

(1-cosa)  J 

where  V^is  the  signal  of  the  acoustic  microscope  from  a  perfectly  reflecting 
surface  located  in  the  focal  plane®’.  The  normalizing  coefficient  17o/(l  -  cosa) 
is  important  for  simulating  the  signal  from  a  subsurface  defect  described 
below.  For  a  perfectly  reflecting  object  (91(0)  =  1)  and  a  lens  with  elementary 
pupil  function,  the  V{Z)  curve  is  a  sine  function: 

sin[fcZ(l-cosa)]  ^^30) 

kZ{l-cosa) 

The  physical  interpretation  of  the  V(Z)  curve  can  be  obtained  by  introducing 
the  substitution^^^^  fe=  2/X  cos0  into  the  integral  in  Equation  11.29: 

VIZ)=  J  P\tJSl{Qexp{j2%t^k^Z)dt,  (11.31) 

2Acosa 

The  normalizing  constant  in  Equation  11.31  is  omitted.  Since  the  pupil 
function  is  unequal  to  zero  only  within  0  <  6  <  oc,  or  when  (2 /A.)  cosa  <  t0  <  2/A</ 
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the  limits  of  the  integral  in  Equation  11.31  can  be  extended  from  -»  to  » 

V(Z)  =  I  P%m,)exp{i2nt,k,Z)dt,  (11.32) 

Therefore,  the  V{Z)  curve  is  the  Fourier  transform  of  the  product  of  the  pupil 
function  squared  and  the  reflection  coefficient.  Equation  11.31  was  used  to 
reconstruct  the  complete  reflection  function  of  the  solid  sample  and  to  study 
the  surface  acoustic  wave  propagation  in  multilayered  solids.^^^'^^^  An 
analytical  expression  of  the  reflection  coefficient  for  a  solid  half-space  is  given 
in  Appendix  A.  Figure  11.10[b]  illustrates  the  behavior  of  amplitude  and 
phase  of  the  reflection  coefficient  for  superhard  amorphous  diamond 
obtained  at  high-pressure  (13.5  GPa)  and  high  temperature  (900  ±  lOO^C) 
(see  parameters  in  Table  11.1).  The  amplitude  shows  a  small  dip  associate(J 
with  the  longitudinal  critical  angle,  sin  0p  =  c/c^.  The  phase  of  the  reflection 
coefficient  has  a  small  kink  for  the  same  angle.  Obviously,  above  this  angle, 
only  shear  waves  penetrate  into  the  substrate.  Above  the  shear  critical  angle 
(sin05  =  c/Cg),  the  magnitude  of  the  reflection  coefficient  equals  1.  At  the 
Rayleigh  angle,  which  is  bigger  than  the  shear  angle,  a  phase  change  of  2k 
occurs,  which  is  characteristic  of  Rayleigh  surface  wave  propagation.^ 

The  theory  of  the  V{Z)  curve  is  important  for  understanding  contrast  for¬ 
mation  in  the  SAM.^  However,  it  is  beyond  the  scope  of  this  chapter,  and  we 
discuss  this  theory  only  briefly.  To  analyze  the  image  formation  in  the  reflection 
acoustic  microscope,  Atalar  et  al.^  monitored  the  amplitude  of  the  transducer 
voltage  y  as  a  function  of  lens-to-sample  spacing  Z,  or  the  V(Z)  curve.  A 
famous  feature  of  the  V{Z)  curve  is  the  oscillation  behavior^ (see  Figure  11.11). 
The  periodicity  of  dips  appearing  in  the  V(Z)  curves  reporte(d  by  Weglein  and 
Wilson®  soon  was  linked  to  surface  wave  propagation.^®^^  Invention  of  the 
line  focus  acoustic  microscope  with  a  cylindrical  lens  by  Kushibiki  et  al.^^  made 
it  possible  to  measure  the  anisotropy  of  surface  acoustic  waves  on  a  crystal 
surface.^^  Considerable  progress  in  contrast  formation  or  V{Z)  curve  theory 
has  been  made  since  then.  Now  the  theory  of  the  y(Z)  curve  has  been  devel¬ 
oped  for  multilayered  solids,®'®  plates, for  anisotropic  materials,^^'^  and  for 
different  types  of  surface  acoustic  waves^'^^  and  curved  surfaces.^'^^  Detailed 
description  of  the  V{Z)  curve  formation  and  recent  developments  in  applica¬ 
tion  of  the  V(Z)  curve  measurement  for  material  characterization  in  quantita¬ 
tive  acoustic  microscopy  can  be  found  in  references.^'^^^ 

113,1.2  Image  Formation  of  Two-Dimensional  Objects 

Images  of  many  solid  samples  in  the  SAM  exhibit  a  strong  Rayleigh  wave 
contrast.^  We  will  return  to  this  point  in  the  next  paragraph  and  consider 
now  image  formation  of  two-dimensional  objects  when  Rayleigh  waves  are 
not  excited.  Such  an  approach  can  be  used  for  a  SAM  having  a  lens  with  a 
small  semiaperture  angle  (J  must  be  smaller  than  the  Rayleigh  angle),  which 
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V(Z)^wrve  of  0.2-nm  oxide  Him  on  aluminum  measured  at  980  MHz.  Measuremente  were  made 

AU  Fiq  atOxford  n'Mandmodifiedforhighfrequency.(lnctY:Sklar,Z.,QuflKtifafttiefl«usficmicr<^o^ 

mi  (LFM):  (f  coated  materials,  1993;  SWar,  Z.  et  al..  Advances  in  Acoustic  Microscopy,  Plenum  Press,  New  York, 
Spell  out  1995,  pp.  209-247.  "With  permission.)  ^ 

re™  is  widely  used  in  nondestructive  evaluation  (NDE)  for  imaging  subsurface  j 

structures.^  In  this  approximation  it  is  also  assumed  that  at  each  point  m  ^ 
the  sample,  the  surface  reflection  is  independent  of  the  angle  of  the  incident  , 

spectral  component:  91  (0)  =  const.  ,  . ,  u,.  eirv,r,ii  I 

Without  excitation  of  surface  acoustic  waves,  the  problem  can  be  simp 
fied.  The  reflection  properties  can  be  defined  by  the  reflectance  function 
R  (x  v)  of  the  object.^’- P”  The  acoustic  field  reflected  from  the  sample  is 
pmpOTtional  to  the  product  of  the  incident  field  and  the  reflectance  function 
in  the  spatial  domain 

If  we  introduce  the  Fourier  transform  of  the  reflection  function  R^{x,  y), 


AU:  Fig 
11.11 
(Sklar):  Is 
Quantitative 
acoustic 
microscopy 
of  coated 
materials  a 
title  of  a  book 
or  an  article 
in  a  book? 
Please  add 
more  pub 
info. 


^oiKrK)  =  }  j  R„(x',y')expH(^c.^'+fcxy')]rfx'dy'  m-34) 

With  the  help  of  the  convolution  theorem  of  Fourier  analysis,  the  Equation 
11.33  can  be  rewritten  as 
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Comparing  Equation  11.18  and  Equation  11.35  we  see  that  the  density  of  the 
scattered  spectrum  is 


gAKrKrK^K)-\iK-K>K-K^ 


(11.36) 


The  dependence  of  the  scattering  function  only  of  the  variable  differ¬ 
ences  enables  us  to  present  the  output  signal  as  an  inverse  Fourier  integral 
of  the  object  spectrum  and  the  optical  transfer  function  (OTF).  We  introduce 
Equation  11.36  into  Equation  11.24  and  substitute  ^  for  -  fc'  and  for 

k  .-k'  and  keep  fc,  A:„.  After  changing  the  order  of  integration,  we  obtain 
1/  y  ^  y 


v{x,Y,z)=  I J 9i„(fc;,A:;)H^(k;,k;,z)exp[-i(fc;x+k;y)](ik;dk;  (11.37) 


with  the  OTF  for  reflection  SAM 


H,(fc;,A:;,z)=  J  j  dk/k/{K-K,k^-k;)Pi-K.-k^) 


In  Equation  11.38  we  have  taken  into  account  that  =  -^k^  The 

OTF  describes  the  spectral  properties  of  the  imaging  system.  It  determines 
how  the  different  angular  spectrum  components  of  the  object  contribute  to 
the  image  contrast. 

The  calculation  of  the  OTF  can  be  performed  analytically  only  for  the 
elementary  pupil  function  in  Equation  11.4.^®'^  The  determination  of  the  OTF 
for  a  real  microscope  system  is  a  complex  problem.^^  For  a  SAM  it  has  been 
investigated  elsewhere.^'^^  A  direct  method  for  measuring  the  OTF  of  a 
focused  system  (Z  =  0)  was  presented  by  Atalar/^  who  has  shown  that  the 
image  scanned  along  the  surface  of  a  spherical  particle  exhibits  the  transfer 
function  of  the  microscope.  This  method  has  been  extended  to  measure  the 
defocused  OTF  using  three-dimensional  images  of  steel  spheres.®^ 
Figure  11.12(a)  is  an  X-Z-scan  of  the  top  of  a  steel  sphere.  The  value  of  the 
image  amplitude  is  stored  and  the  spherical  scan  extracted  from  the  data. 
The  method  is  valid  for  determination  of  the  complex  transfer  function  if 
phase  measurement  results  are  available.  The  moduli  of  the  transfer  function 
at  different  focal  positions  derived  from  Figure  11.12(a)  are  depicted  in 
Figure  11.12(b). 
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FIGURE  11.12 

(a)  X-Z  scans  of  a  steel  ball  of  2.5'mm  radius  taken  at  a  frequency  of  91  MHz.  Semiaperture 
angle  of  the  lens  is  equal  to  27°.  (b)  Defocused  OTF  obtained  in  the  LFM  by  scanning  along  an 
arc  at  different  normalized  defocusing  positions  w  =  fcZsin^oc.  Solid  line  for  w  =  0,  dotted  for  w  = 
3,  dashed  for  w  =  6,  dash-dotted  for  w  =  8.  (From  Zinin,  P.  et  al.,  Optik,  107,  45,  1997.  With 
permission.) 


The  basic  features  of  two-dimensional  objects  imaging  can  be  illustrated 
by  using  a  perfectly  reflecting  disk.  The  circular  disk  is  widely  used  as  a 
model  of  penny  shaped  subsurface  cracks.  To  calculate  the  images  of  a  disk 
at  different  focal  plane  positions  we  will  use  the  OTF  in  the  paraxial  approx¬ 
imation  ky«  k)  for  the  In  the  simplified  Kirchhoff  approxima¬ 

tion,  a  perfectly  reflecting  disk  is  defined  by  the  reflectance  function  of  the 
object.  r^{x,y)  =  l  for  (x,  y)  inside  the  disk,  and  r^{x,y)  =  0r  otherwise. 
The  perfectly  reflecting  disk  of  radius  fl,  has  the  angular  spectrum^^'^'  ^ 

(11.39) 

K 


Here  we  have  defined  the  cylindrical  transverse  radial  spatial  frequency  as 
K  ~  images  of  a  rigid  reflecting  disk-shaped  plane  calculated 


b 


FIGURE  11.13 

X-Z  medial  section  of  a  rigid  disk  (ka  =  60)  calculated  for  a  reflection  SAM  (top)  and  of  a  circular 
hole  in  a  rigid  screen  (ka  =  60)  for  a  transmission  SAM  (bottom).  Semiaperture  angle  of  the 
transducer  is  equal  to  60®.  Axes  scaled  in  units  of  the  disk^s  radius.  (From  Zinin,  P.  et  al..  Wave 
Motion,  25,  213, 1997.  With  permission.) 

with  the  help  of  Equation  11.39  in  reflection  and  transmission  SAMs  are 
presented  in  Figure  11.13.  In  the  reflection  SAM,  the  three-dimensional  area 
in  which  the  image  contrast  mainly  occurs  can  be  regarded  as  a  thin  bright 
layer  (Figure  11.13[a]).  In  the  lateral  direction,  the  dimension  of  the  image 
is  approximately  equal  to  the  dimension  of  the  object.  The  thickness  of  this 
layer  is  proportional  to  the  width  of  the  main  maximum  of  the  ViZ)  curve/ 
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(1  cos  a)  (Equation  11.27).  For  the  transmission  microscope,  we  consider 
a  circular  hole  in  a  perfectly  reflecting  screen.  In  contrast  to  the  image  in  the 
reflection  SAM,  the  image  in  Figure  11.13(b)  is  elongated,  the  elongation 
depending  on  the  semiaperture  angle.  In  the  focus,  the  lateral  size  of  the 
image  coincides  with  that  of  the  sample. 

1 1.3. 1.3  Image  Formation  of  Surface  Breaking  Cracks 
In  this  section  we  will  take  a  closer  look  at  the  reflection  coefficient  in  case 
Rayleigh  surface  waves  are  excited  by  the  wave  incident  from  the  coupling 
liquid.  The  results  will  then  be  applied  to  investigate  the  effect  of  surface 
breaking  cracks. 

Along  the  surface  of  a  solid  sample,  Rayleigh  surface  waves  can  propagate. 
If  the  surface  is  loaded  with  a  liquid,  these  waves  are  denoted  as  leaky 
Rayleigh  waves,  as  they  can  radiate  into  the  liquid.  Reciprocally,  they  can 
also  be  excited  by  waves  arriving  on  the  surface  from  the  liquid.  As  Rayleigh 
waves  exhibit  a  strong  motion  component  orthogonal  to  the  surface,  they 
strongly  interact  with  fluid  waves. 

The  effect  of  Rayleigh  waves  on  the  SAM  output  signal  may  be  included 
in  the  reflection  coefficient  9?  in  Equation  11.25  of  an  infinite  half-space.  In 
the  simplest  form,  9t  may  be  approximated  by  the  sum  of  the  reflection 
coefficient  without  the  Rayleigh  wave  and  a  second  term  with  singular¬ 
ities  in  the  complex  plane  that  contains  the  effect  of  the  Rayleigh  wave^^ 


3i{KX)-^oiKrK)^ 


kl  + 1^-1^ 


(11.40) 


Here  is  the  complex  wave  number  of  the  Rayleigh  wave.  The 

imaginary  part  describes  the  exponential  decay  of  the  wave  due  to  energy 
loss  by  irradiation  into  the  coupling  liquid.  Real  and  imaginary  parts  must 
be  equal  in  sign  to  describe  a  decaying  wave;  for  convenience,  we  choose 
both  to  be  positive.  For  Equation  11.40  to  be  valid  it  is  assumed  that  the 
damping  is  much  smaller  than  k^^.  The  second  term  in  Equation  11.40 
describes  the  excitation  and  re-radiation  into  the  coupling  liquid  of  the  leaky 
Rayleigh  wave.  It  has  a  considerable  influence  on  the  reflection  coefficient 
only  if  =  k^.  This  is  the  condition  for  excitation  and  radiation  of  the 

surface  wave.  The  angle  0^  the  fluid  wave  then  forms  with  the  surface  normal 
is  given  by  ksinO^  =  kj^  in  accordance  with  Snell's  law. 

If  a  lens  with  a  semiaperture  angle  wider  than  the  Rayleigh  angle  is  used 
in  the  SAM,  the  V(Z)  curve  is  strongly  influenced  by  Rayleigh  waves.  On 
the  detector  the  radiated  Rayleigh  wave  signal  and  the  specularly  reflected 
wave  signal  will  interfere.  This  interference  changes  when  the  distance 
between  microscope  and  surface  changes.  But  this  will  oriy  hold  if  the 
defocus  Z  is  negative.  For  positive  defocus,  the  excited  Rayleigh  wave  is  not 
detected  by  the  microscope,  and  the  second  term  in  Equation  11.40  does  not 
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give  a  signal  As  the  speed  of  the  Rayleigh  wave  depends  on  the  material 
properties,  the  signal  recorded  at  changing  distance,  the  V{Z)  curve,  will 
exhibit  a  characteristic  signature  of  the  material  for  negative  defocus,  as  can 
be  observed  from  Figure  11.11.  In  general  this  V{Z)  curve  is  evaluated  to 
investigate  the  properties  of  the  sample.  Ipstead  of  point  focus  lenses  line 
focus  lenses  are  often  used  for  material  investigation  because  the  relative 
contribution  of  the  Rayleigh  wave  and  the  specularly  reflected  wave  to  the 
microscope  signal  are  more  similar  in  this  case.  Material  parameters  may 
then  be  derived  more  precisely.  The  spectrum  of  line  focus  lenses  can  be 
assumed  as  independent  of 

In  the  following  we  will  formulate  the  effect  of  Rayleigh  waves  on  reflec¬ 
tion  in  terms  of  a  Green  function.  For  simplicity,  we  will  restrict  to  the  case 
of  the  line  focus  lens.  The  one-dimensional  relation  between  the  reflected 
field  distribution  along  the  surface  of  a  solid  half-space  and  its  angular 
spectrum  is  similar  to  that  given  by  Equation  11.2 


^X)  =  i  J  U,{K)exp{iKx)dK  (11-41) 

The  part  of  the  reflected  wave  field  that  is  due  to  the  Rayleigh  wave 
is  obtained  by  inroducing  Equation  11.25  into  Equation  11.41/  introducing 
the  2nd  term  from  Equation  11.40  and  writing  U^{k^)  as  the  Fourier  trans¬ 
form  of 


<I>.(x)  =  ^J  ]Y^^,(x')exp[iKix-x')WdK  (11.42) 

After  changing  the  order  of  integration/  the  integral  over  is  evaluated  with 
the  aid  of  the  calculus  of  residues.  For  x  -  x'  >  0  the  path  of  integration  is 
complemented  through  the  upper  half  of  the  complex  plane  enclosing  the 
pole  at  k^  (remember  we  chose  the  real  part  of  k^,  greater  than  0).  For  x  -  x'  <  0 
the  path  is  complemented  through  the  lower  half  and  the  pole  at  -  k^  is 
enclosed.  Equation  11.42  yields: 


^,(x)  =  2aj,|  1 4»,(x0exp[ifcp(x-x0]d;c'+ J^,(xOexp[i?c^(x'-x)]dxj  (11.43) 
This  may  be  rewritten  with  the  aid  of  the  Green  function  G(X/  x'): 


4>.(x)=  jG(X/X')«>/(x')dA:' 


(11.44) 
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where  G(x,  x')  is  defined  by 

G(x,  exp  {ik^  \x-x'\)  (11.45) 

The  Green  function  can  be  easily  interpreted:  It  describes  the  field  reflected  from 
the  sample  surface  at  position  x  due  to  excitation  at  position  x'.  Equation  11.45 
shows  that  the  connection  from  x'  to  x  is  arranged  by  the  decaying  Rayleigh 
wave  with  wave  vector  /c^. 

Interesting  effects  on  the  image  obtained  with  the  SAM  will  occur  when 
there  are  surface  discontinuities  such  as  cracks  or  an  abrupt  change  in  the 
material  properties  and  if  a  lens  with  a  high  semiaperture  angle  is  used.  Even 
if  the  width  of  a  crack  is  much  smaller  than  the  resolution  limit,  it  will 
immediately  be  recognized  by  fringes  surrounding.®^®^  The  reason  for  this  is 
that  Rayleigh  waves  generated  on  the  surface  will  be  reflected  at  the  discon¬ 
tinuity.  The  reflected  Rayleigh  wave  is  then  detected  by  the  microscope.®^  Its 
phase  will  change  when  scanning  parallel  to  the  surface  toward  the  discon¬ 
tinuity  or  away  from  it,  leading  to  a  change  of  the  interference  with  the  rest 
of  the  signal.  This  interference  leads  to  fringes  parallel  to  the  crack,  as  can  be 
observed  in  Figure  11.14.  The  Figure  shows  a  SAM  image  of  superhard  amor¬ 
phous  carbon  obtained  at  high-pressure  (13  GPa)  and  high-temperature  (800 
±  lOO^C)  (for  details  see  Manghnani  et  al.®^).  The  defocus  is  z  =  -20  pm  at  400 
MHz.  Strong  fringes  can  be  seen  around  the  cracks  and  close  to  the  sample 
edges.  In  the  following  paragraphs,  we  will  quantitatively  investigate  the 
effect  of  a  crack  according  to  a  derivation  by  Somekh  et  al.®® 
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FIGURE  11.14 

Acoustic  image  of  amorphous  carbon  (the  elastic  properties  are  given  in  Table  11.1)  at  400  MHz 
and  at  a  defocus  z  =  ~20  pm. 
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The  reflection  in  the  vicinity  of  the  crack  will  show  a  structural  difference 
as  compared  to  Equation  11.40.  Let  us  assume  that  the  crack  runs  in  the  y- 
direction.  Then  an  incident  plane  wave  with  a  wave  vector  component 
will  not  simply  be  reflected  with  fc'  =  /  but  will  include  an  additional  part 

from  the  Rayleigh  wave  reflected  at  the  discontinuity  with  the  wave  vector 
component  k'  =  .  We  therefore  will  have  to  describe  the  reflected  wave 

in  terms  of  the  scattering  function  Equation  11.18 

instead  of  a  reflection  coefficient  from  Equation  11.40.  It  is  now  assumed  that 
the  reflection  coefficient  without  the  Rayleigh  wave  91^  will  not  be  influ¬ 
enced  by  the  crack.  This  requires  that  the  width  of  the  crack  be  small  in 
comparison  to  the  wavelength  in  the  coupling  liquid  and  that  its  presence 
not  change  the  surface  elasticity  or  compliance  so  that  no  edge  diffraction 
occurs.  Moreover,  we  assume  that  no  other  surface  waves  are  of  importance. 
We  will  consider  only  the  case  that  the  field  is  constant  in  the  y-direction,  as 
for  a  SAM  with  a  line  focus  lens  oriented  parallel  to  the  crack.  A  treatment 
of  the  case  of  a  point  focus  lens  can  be  found  in  Rebinsky  and  Harris.^  We 
will  intuitively  make  use  of  the  Green  function  (Equation  11.45)  to  construct 
the  reflected  field.  We  will  assume  that  on  the  two  sides  of  the  crack  the 
same  material  is  found  (for  different  materials  see  Somekh  et  al.^®). 

If  a  Rayleigh  wave  reaches  the  crack,  it  will  in  part  be  reflected  with  an 
in-plane  reflection  coefficient  R  and  in  part  be  transmitted  with  an  in-plane 
transmission  coefficient  T.  The  values  of  R  and  T  depend  on  the  depth  of 
the  crack  in  comparison  to  the  penetration  depth  of  the  Rayleigh  wave.  As 
some  energy  may  be  transformed  into  waves  other  than  a  Rayleigh  surface 
wave,  R^+  may  be  less  than  1.  Without  restriction  of  generality,  we  assume 
that  the  surface  is  located  at  z  =  0  and  the  crack  at  position  x  =  0. 

Let  us  first  consider  the  field  scattered  into  the  coupling  liquid  from  the 
surface  left  of  the  crack,  hence  x  <  0.  The  Rayleigh  waves  arriving  at  position 
X  will  have  different  histories.  Part  of  the  Rayleigh  wave  is  not  affected  by 
the  crack.  These  waves  have  been  excited  either  at  positions  x'  with  x'  <  x 
traveling  to  the  right,  or  at  positions  x'  with  x  <  x'  <  0  traveling  to  the  left. 
The  contributions  of  these  two  parts  are 


-2a^  J 4>,(x')exp[;kp(x-x')M;c'+ j‘&,(x')expHfc,,(x-x')]rfx'  (11.46) 


Another  part  has  been  excited  at  x'  <  0;  traveled  to  the  right  toward  the 
crack;  and  after  reflection  at  the  crack,  traveled  to  the  left.  Finally,  one  part 
has  been  excited  at  x'  >  0,  traveled  to  the  left,  and  has  been  transmitted 
through  the  crack.  The  contributions  of  the  latter  two  parts  are 


0 

■2a^  exp[-ifc^(x - 0)]  R  j  ^.{x')exp{ik^(p -  x')]dx'  +  tJ $;(r')exp[-ifc^(0 -  x')]dx‘ 


(11.47) 


1462_Cll.fm  Page  683  Saturday,  October  4, 2003  12:00  AM 


Theory  and  Applications  of  Acoustic  Microscopy  683 

Note  that  in  Equation  11.47  the  Rayleigh  wave  is  excited  only  before 
interaction  with  the  crack.  This  restricts  the  integration  over  x'.  The  construc¬ 
tion  of  the  contributions  arriving  at  a  point  x  situated  to  the  right  of  the  crack 
is  derived  accordingly. 

We  now  will  assume  that  the  whole  expression  for  as  given  by  the 
sum  of  the  Equation  11.46  and  Equation  11.47,  is  written  with  aid  of  a  Green 
function  in  the  form  of  Equation  11.45.  We  therefore  may  assume  that  the 
finite  limits  of  the  integrals  are  accounted  for  by  multiplying  the  integrands 
with  step  functions.  The  different  form  of  G  for  x  <  0  and  x  >  0  may  also  be 
accounted  for  by  step  functions.  To  calculate  the  scattering  function 
we  Fourier  transform  the  whole  expression  and  express  <>,(x')  as  inverse 
Fourier  transform  of  Ufk'^)  according  to  Equation  11.2  and  Equation  11.1: 

=  J  J  J  exp{-ik,x)dx'dx  (11.48) 

Changing  the  order  of  integration  we  find  by  comparison  to  Equation  11.18 
that 


isiK'K)  =  11  G(a:,  x')exp(ik'^x')exp(-ik^x)dx'dx  (11.49) 

For  the  evaluation  of  the  integration  over  x'  with  an  infinite  boundary  on 
one  side,  it  may  be  utilized  that  the  damping  leads  to  a  decay  of  the 
integrand  toward  this  boundary.  The  remaining  integration  over  x  can  be 
carried  out  using  a  property  of  the  delta  function 


J  exp[f(fc;-  k^)x]dx  =  27c5(fc;  -  k,)  (11.50) 


Including  the  term  -  k^)  that  describes  the  specularly  reflected  field, 

we  finally  obtain 


g{KrK)=Wx-K) 


4i0^ 

a- kl 


iK-K)(K-K) 


a^R 

1 

(K-K)(K-K) 

(11.51) 
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The  term  in  the  first  square  brackets  describes  the  reflection  at  the  half¬ 
space  without  crack.  It  is  the  only  part  that  remains  for  T  =  1  and  R  =  0.  The 
Rayleigh  term  there  is  a  Lorentz  function  that  is  the  Fourier  transform  of  an 
exponential  wave  decaying  to  both  sides  of  x  =  0.  The  delta  function  makes 
the  effect  of  this  term  translation  invariant  in  the  position  space.  The  other 
terms  are  due  to  transmission  or  reflection  of  the  surface  wave.  Their  forms 
are  due  to  the  wave  cutoff  at  the  position  of  the  crack.  In  both  variables  the 
terms  are  Fourier  transforms  of  exponential  waves  which  are  set  to  0  on 
either  side  of  x  =  0  and  decay  to  the  other  side.  The  terms  containing  (1  -  T) 
reduce  beyond  the  crack  the  amplitude  of  the  waves  that  are  due  to  the 
Lorentz  function.  For  positive  defocus  besides  the  specular  reflection,  only 
the  terms  containing  R  have  considerable  influence  on  the  miaoscope  signal. 

The  fringe  spacing  around  a  surface  breaking  crack  or  a  material  boundary 
can  be  used  to  determine  the  Rayleigh  velocity.  It  simply  is  half  the  wave¬ 
length  of  the  Rayleigh  wave.  For  the  sample  shown  in  Figure  11.14,  this 
yields  a  Rayleigh  wave  velocity  of  (8.0  ±  2.1)  km/sec,  whereas  Brillouin 
scattering  measurements'^  of  the  Rayleigh  wave  velocity  of  the  same  sample 
yields  (6.7  ±  0.3)  km/sec.  We  note  that  though  the  error  of  the  measured 
Rayleigh  wave  velocity  by  the  SAM  is  greater  than  that  determined  by 
Brillouin  scattering,  the  SAM  measurements  provide  a  reasonable  estimate 
of  the  surface  acoustic  wave  velocity  of  the  superhard  sample. 


11.3.2  Image  Formation  of  Three-Dimensional  Objects 

In  confocal  optical  microscopy  the  theories  of  three-dimensional  image  for¬ 
mation  are  usually  based  on  the  Born  approximation  and  so  are  valid  only 
for  weakly  scattering  objects.**  In  the  case  of  biological  materials,  the  Born 
approximation  to  the  scattering  problem  can  be  used  both  in  acoustics  and 
in  optics.  Because  acoustic  microscopy  is  widely  applied  to  hard  materials 
involving  strong  scattering,  it  is  necessary  to  extend  the  theories  available 
today  to  include  these  objects.  In  this  section,  we  will  present  a  theory  of 
image  formation  for  strongly  scattering  spheres  in  the  reflection  SAM  fol¬ 
lowing  a  method  proposed  by  Weise  et  al.*  The  imaging  of  spheres  forms 
the  basis  for  understanding  the  contrast  of  many  objects,  extending  from 
bubbles  or  spherical  inclusions  in  solids  to  curved  surfaces  in  general.  More¬ 
over,  beads  are  used  as  well-defined  phantom  objects  for  testing  imaging 
systems.®’  From  the  theoretical  point  of  view,  spheres  are  the  only  three- 
dimensional  particles  for  which  an  analytical  solution  of  the  scattering  prob¬ 
lem  is  available.  Due  to  its  sectioning  ability,  the  confocal  microscope  is 
frequently  used  for  surface  profiling.  It  can  be  done  by  searching  the  axial 
contrast  maximum.’®  However,  spherical  particles  are  an  example  that  con¬ 
trast  maxima  may  also  occur  when  the  surface  is  considerably  defocused 
(when  the  focus  is  in  the  center  of  the  curvature). 

In  general  the  part  of  the  scattering  function  describing  the  behavior  of 
homogeneous  (non-evanescent)  waves,  which  is  important  for  confocal 
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imaging,  can  also  be  obtained  directly  from  the  far-held  distribution  of  the 
scattered  wave.  The  asjmnptotic  behavior  of  the  field  distribution  scattered 
from  a  bounded  obstacle  for  an  incident  plane  wave  with  wave  vector  k'  can 
be  written  as^^ 


as  m.., 

where  r  is  the  distance  from  the  origin  and  y  j  is  the  far-held  scattering 
amplitude.  The  relation  of  the  homogeneous  wav^part^of  the  scattering 
function^  to  the  far-held  scattering  amplitude  flv'jf)  can  be  obtained 
using  the  angular  spectrum  representation  of  the  far-neld  aistribution^^'P'^^^ 

for  +  (11.53) 

Combining  Equation  11.24  and  Equation  11.53  and  omitting  the  normalizing 
constant,  we  obtain 


y(x,Y,z)=  I J  j  j  P(-K,-K)P,{K,K)f 


exp[i{K  -K)X+ {k;  -k^)Y+ (K  -  K)Z] 


dk'^dk'^dk^dk^ 

kKkK 


(11.54) 


The  same  expression  has  been  obtained  in  Zinin  et  al.,^*^  but  tedious  cal¬ 
culation  is  required.  The  far-held  angular  distribution  for  scattering  by  a 
spherical  particle  can  be  found  analytically^^ 


^  Wn(COS7.)  (11.55) 

where  the  A^  describe  the  scattering  amplitudes  which  depend  on  particle 
size  and  material  properties,  and  are  ordinary  Legendre  polynomials.  Yk 
is  the  angle  between  k  and  fc'.  In  the  scalar  theory  the  A^^  are  independent 
of  m. 

In  order  to  separate  incident  wave  and  rehected  wave  coordinates  in 
Equation  11.55,  we  use  the  addition  theorem  for  spherical  harmonics^^ 


P„(cosYk) 


4% 


{2n+l) 


t 


(11.56) 
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In  order  to  evaluate  integral  in  Equation  11.54  we  introduce  spherical  coor¬ 
dinates  (Equation  11.9)  and  assume  that  P  is  independent  of  %  After  combin¬ 
ing  Equation  11.54  to  Equation  11.56;  writing  Vn-m  with  the  aid  of  the  associated 
Legendre  polynomials^  P”(cose),Y„  je^,%)=.l^^^  P”(cose^)exp(m%); 
and  using  the  integral  definition  of  the  cylindrical  Bessel  functions  J„, 


(fcR  sin  0^ )  =  J  exp[±z(fcR  sin  0^  cos  0^  +  )]d(p^  (11.57) 

0 

we  finally  obtain  the  output  signal  of  the  reflection  SAM 

'  '  n=0  frv=0 


I^(R,  Z)  =  (-1)’"  J  P(0)exp(f)fcZcos0)/„(fcRsin0)P„’"(cos0)sin  0  dS  (11.59) 

0 

where  P„’"(cos0)  =  P”(cos0)N„„  and  N„„=  ^(2n  +  l)(n  -  m)! /[2(n  +  m)!]  are 
the  normalizing  coefficients  and  8^  is  the  Kroneker  delta  symbol.  To  derive 
Equation  11.59,  we  also  used  properties  of  the  Legendre  polynomials: 
P^{-cosd)  =  (-If  (cose) .  For  the  transmission  SAM  the  expression  for 
the  output  signal  has  the  form 

y(R,Z)  =  — Ly  Y(_i)«(2-8^)A.I^(R,Z)C(R,Z)  (11.60) 

(l_cosa)fj<f- 

where  the  superscript  *  denotes  the  complex  conjugate.  The  model  given  by 
Equation  11.59  to  Equation  11.60  describes  contrast  formation  in  the  reflec¬ 
tion  SAM  for  spherical  particles.  C-scan  images  of  spherical  particles  are 
formed  by  scanning  in  the  xy-plane  at  a  fixed  Z  position.  If  Z  =  0,  the  focal 
plane  passes  through  the  center  of  the  sphere.  liZ  —  a,  the  focal  plane  touches 
the  front  surface  of  the  sphere.  Because  of  axial  symmetry,  the  image  of  a 
sphere  can  be  characterized  by  a  curve  that  depends  only  on  the  distance  R 
between  the  center  of  sphere  and  the  axis  of  the  lens  {V{R)  curve).  In  such 
a  case  only  the  X-Z  medial  section  (X-Z-scan)  of  the  three-dimensional 
images  may  be  considered. 

Experimental  and  simulated  X-Z-scans  of  a  steel  sphere  are  presented  in 
Figure  11.15(a)  and  Figure  11.15(b).  To  calculate  the  X-Z-scan  of  a  spherical 
particle  in  the  reflection  and  the  transmission  SAM,  we  use  the  elementary 
pupil  function  and  expand  the  integral  in  a  series.^^  The  images  of  a  steel 
particle  are  strongly  dependent  on  the  semiaperture  angle,  so  the  same 
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FIGURE  11.15 

(a)  X-Z  scan  through  a  steel  sphere  for  a  reflection  microscope  (OXSAM)  at  105  MHz.  The  radius 
of  the  sphere  was  560  jim.  The  semiaperture  angle  of  the  microscope  lens  was  26.5°.  Z  =  0 
corresponds  to  focusing  to  the  center  of  the  sphere,  (b)  X-Z  scan  through  a  steel  sphere  for 
reflection  microscope  calculated  with  the  same  parameter  as  in  (a)  (From  Zinin,  P.  et  al.,  Optik, 
107,  45,  1997.  With  permission.) 


spherical  particle  has  quite  different  X-Z-scans.  Two  regions  of  high  image 
contrast  occur.  The  maximum  amplitude  of  the  output  signal  is  encountered 
when  the  focal  point  scans  the  top  surface  (top  image)  or  the  region  close  to 
the  particle  center.  It  has  been  shown  that  the  image  contrast  obtained  when 
scanning  laterally  or  axially  in  the  vicinity  of  the  center  of  sphere  reproduces 
the  field  emitted  by  the  transducer  contracted  twice  and  is  independent  of 
the  properties  of  the  sphere.^'^^  A  contraction  by  a  factor  of  two  of  the  center 
images  in  the  lateral  direction  had  been  predicted  by  Atalar®^  and  has  been 
experimentally  proven.^^  The  image  appears  when  the  shape  of  the  wave 
front  emitted  by  the  transducer  and  the  shape  of  the  particle  coincide.  For 
an  object  whose  shape  is  far  from  spherical,  there  is  no  such  image.^^ 

In  an  X-Z-scan,  the  contrast  of  the  top  images  looks  like  a  thin  layer.  With 
increasing  surface  inclination,  the  thickness  of  this  layer  increases  while  its 
contrast  decreases.  The  bigger  the  semiaperture  angle  of  the  lens,  the  thinner 
the  layer.  With  increasing  a,  the  images  are  even  more  similar  to  the  object. 
The  main  features  of  contrast  formation  close  to  the  surface  can  be  well 
described  quantitatively  by  the  approximation  proposed  by  Weise  et  al.^^  In 
that  paper  the  signal  obtained  with  a  SAM  from  an  uneven  surface  is  approx¬ 
imated  by  the  signal  from  a  plane.  This  plane  is  tangential  to  the  object 
surface  at  the  point  closest  to  the  focal  point  of  the  transducer.  It  was  shown 
that  the  image  taken  with  the  focus  scanned  at  a  fixed  offset  from  the 
sphere's  surface  in  the  z-direction  has  the  same  form  as  the  defocused  OTF 
(see  Figure  11.12).  The  normalized  amplitude  of  the  signal  in  a  SAM  for 
scanning  along  the  surface  of  a  rigid  sphere  is  presented  in  Figure  11.12(b). 
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FIGURE  11.16 

(a)  X-Z  medial  section  of  a  plexiglass  sphere,  fei  =  60  calculated  for  reflection  SAM.  Axes  scaled 
in  units  of  the  sphere's  radius,  (b)  V(Z)  curve  for  a  plexiglass  sphere  (fcR=  0).  TM  =  top  maximum, 
CM  =  center  maximum,  LM  =  longitudinal  maximum,  SM  =  shear  maximum.  The  semiaperture 
angle  is  equal  to  60°.  (From  Zinin,  P.  et  al..  Wave  Motion,  25,  213, 1997.  With  permission.) 

The  contrast  is  inversely  dependent  on  the  inclination  of  the  surface  under 
focus.  The  maximum  follows  the  surface  profile.  An  elegant  analytical  form 
of  the  top  image  of  a  sphere  in  the  SOM  was  obtained  recently.^^ 

Let  us  now  consider  the  effects  of  acoustical  parameters  of  particles  on  the 
image  contrast.  In  the  case  of  particles  that  can  be  penetrated  by  sound,  we 
can  see  the  bottom  of  the  particle  —  dark  side  of  the  moon  (see  Figure  11.16, 
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calculated  for  a  Plexiglas  sphere  with  parameters  from  Table  11.1).  With 
increasing  differences  in  the  acoustical  properties  between  particles  and 
immersion  liquids  (c  >  is  the  longitudinal  velocity  inside  the  particle) 

the  dark  side  image  moves  toward  the  particle  center.  In  the  case  of  a  solid 
particle,  we  can  distinguish  two  bottom  images  as  two  kinds  of  waves  that 
are  focused  inside  the  solid  particles:  the  longitudinal  and  the  transverse 
wave.^^  The  radius  of  these  images  can  be  estimated  from  the  position  of  the 
corresponding  peaks  on  the  V{Z)  curves  (see  Figure  11.16[b]).  In  Figure  11.16 
there  are  4  maxima  on  the  V{Z)  curves  for  a  liquid  particle.  The  first  maximum 
appears  when  the  front  surface  of  a  sphere  (Z  =  a,  top  maximum  [TM]),  and 
the  second  one  appears  when  the  center  (Z  =  0,  center  maximum  [CM]) 
coincides  with  the  focal  point.  The  distance  between  these  two  maxima  is 
equal  to  the  sphere  radius.  The  third  maximum  of  the  V{Z)  curves  is  due  to 
focusing  of  the  longitudinal  waves  onto  the  back  of  the  sphere.^^  The  top  and 
bottom  images  have  the  form  of  an  arc.  The  radius  of  the  top  arc  is  equal  to 
that  of  the  sphere,  while  the  radius  of  the  bottom  arc  is  equal  to  the  distance 
between  CM  and  LM.  For  materials  in  which  the  shear  waves  can  propagate 
we  expect  an  image  due  to  focusing  of  transverse  waves  by  the  bottom  of 
the  particle.  The  position  of  the  maxima  can  be  estimated  by  the  following 
formula:^^ 


2Cps/c-l 


(11.61) 


where  Zp^  and  Cp5  are  the  positions  of  the  maxima  on  the  V{Z)  curve  and 
sound  velocities  for  longitudinal  and  shear  wave,  respectively.  For  a  highly 
reflecting  sphere  such  as  steel  or  aluminum,  the  dark  side  images  merge 
with  the  central  image^^  (see  Figure  11.15).  The  appearance  of  the  region 
between  CM  and  TM  is  influenced  by  the  generation  of  Rayleigh  waves. 

For  large  spherical  particles  {ka  »  1),  the  maximum  radius  of  the  top 
image  appears  to  be  reduced  to  about  ka  sin  a.  Hence  the  maximum  area  of 
contrast  depends  on  the  aperture  of  the  microscope.  This  phenomenon  was 
investigated  theoretically^^  and  experimentally^^  and  was  called  the  spherical 
particle  size  reduction  effect.  It  arises  because  the  reflection  SAM  cannot 
image  surfaces  inclined  by  an  angle  bigger  than  the  semiaperture  angle.^^ 
Therefore,  from  SAM  images  it  is  often  not  possible  to  attribute  the  vanishing 
of  contrast  to  the  edge  of  the  object. 

Now  it  is  not  difficult  to  predict  the  appearance  of  a  three-dimensional 
image  of  an  arbitrary  uneven  surface.  The  image  must  have  the  form  of  a 
thin  layer  whose  shape  follows  the  surface  of  the  object.  The  thickness  and 
brightness  of  this  layer  will  be  dependent  on  the  surface  inclination. 

The  images  of  spheres  in  transmission  microscopes  are  quite  different  from 
those  we  have  observed  in  the  reflection  SAM.  In  the  transmission  case,  the 
width  of  the  central  dark  spot  or  dark  ring  for  Z  =  0  is  close  to  the  real  radius 
value  of  the  sphere  (see  Figure  11.17).  The  dimension  of  the  image  in  the 
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FIGURE  11.17 

X-Z  medial  section  of  a  plexiglass  sphere  calculated  for  transmission  SAM.  The  parameters  of 
the  sphere  are  the  same  as  in  Figure  11.16.  The  semiaperture  angle  of  the  transducer  is  equal 
to  60®.  Axes  scaled  in  units  of  the  sphere's  radius.  (From  Zinin,  P.  et  al.,  VJave  Motion,  25,  213, 
1997,  With  permission.) 

axial  direction  equals  a/sina,  and  elongation  can  be  simply  described  by 


fl(l-sina) 
"  sin  a 


(11.62) 


Interesting  pictures  are  obtained  when  solid  particles  are  investigated  (see 
Figure  11.17).  They  exhibit  a  fringe  pattern  structure  that  is  characteristic  for 
the  individual  particle.  It  can  be  attributed  to  multiple  reflection  inside  the 
particle,  rainbow  formation,  and  surface  wave  excitation. 


11.3.3  Subsurface  Imaging 

Consider  now  imaging  of  a  subsurface  defect.  The  schematic  diagram  is 
given  in  Figure  11.18.  The  center  of  the  spherical  cavity  is  placed  at  point  O' 
with  coordinates  (X,  Y,  Z  +  D).  Here  (Z  +  D)  is  the  distance  from  the  center 
of  curvature  of  the  transducer  along  the  transducer  axis.  The  distance 
between  the  liquid /solid  interface  and  the  center  of  the  cavity  O'  is  D,  and 
the  distance  from  the  center  of  curvature  of  the  transducer  and  the  solid 
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FIGURE  11.18 

Problem  geometry  for  subsurface  imaging.  1  =  spherical  focusing  transducer,  2  =  liquid /solid 
interface,  3  =  spherical  cavity. 

liquid  interface  is  Z.  The  horizontal  distance  from  the  transducer  axis  is 
jx^  +  =  R  the  radius  of  the  cavity  a. 

^To  obtain  an  analytical  solution  for  the  output  signal  of  the  microscope  for 
this  system,  it  is  necessary  to  make  several  assumptions.  We  will  consider  the 
waves  scattered  by  the  cavity  only  once  and  disregard  the  multiplied  scattered 
waves.  It  is  also  assumed  that  the  wave  reflected  at  the  liquid/solid  interface 
is  not  disturbed  by  the  cavity,  so  the  signal  due  to  reflection  from  the  liquid/ 
solid  interface  can  be  represented  in  the  standard  form  of  the  V{Z)  curve  for 
a  half-space.  This  assumption  is  valid  when  the  cavity  is  located  below  the 
Rayleigh  wave  penetration  depth;  it  is  also  valid  when  the  waves  scattered 
from  the  cavity  are  weak  compared  to  those  reflected  at  the  liquid /solid 
interface,  so  that  their  contribution  to  Rayleigh  wave  generation  can  be 
neglected.  The  latter  holds  for  a  cavity  smaller  than  the  wavelength  of  the 
Rayleigh  wave  On  these  assumptions  we  will  proceed  with  the  theory. 

It  is  convenient  to  write  the  output  signal  as  a  superposition  of  contribu¬ 
tions  of  different  wave  types.  First,  the  transducer  receives  a  signal  that  is 
due  to  the  wave  reflected  at  the  liquid /solid  interface.  This  signal  has  the 
form  of  the  V{Z)  curve  of  the  solid  in  the  absence  of  the  cavity,^  and  we  will 
denote  it  as  (R  for  reflection).  The  first  signal  from  the  cavity  received  by 
the  transducer  is  the  wave  transmitted  as  a  longitudinal  wave  into  the  solid 
and  scattered  by  the  cavity  as  a  longitudinal  wave.  We  will  denote  this  wave 
as  the  PP  wave  and  the  output  signal  from  this  wave  will  be  denoted  as 
Vpp.  Thereafter  two  waves  reach  the  transducer  simultaneously.  A  wave  is 
transmitted  into  the  solid  as  transverse  wave  and  scattered  by  the  cavity  as 


1462_Cll.fm  Page  692  Saturday,  October  4, 2003  12:00  AM 


692 


Ultrasonic  Nondestructive  Evaluation 


longitudinal  wave  (PS  wave)  and  its  reverse  (SP  wave).  The  output  signal 
corresponding  to  these  two  waves  is  {Vgp  +  Vpg).  The  slowest  wave  received 
by  the  trcinsducer  is  the  SS  wave.  It  is  transmitted  into  the  solid  as  a  trans¬ 
verse  wave  and  scattered  by  the  cavity  as  a  transverse  wave.  The  voltage 
corresponding  to  this  signal  is  V^s-  The  total  output  signal  V  generated  by 
the  scattered  waves  is  equal  to 

ViR,Z)  =  VpiZ)  +  Vpp{R,Z)  +  {Vsp{R,Z)+  Vps(R,Z))  +  Vss(R,Z)  (11.63) 

A  detailed  derivation  of  each  term  of  Equation  (11.63)  requires  solving  of 
the  spherical  particle  diffraction  problem  of  shear  and  longitudinal  wave 
propagation  in  solids  and  would  exceed  the  scope  of  this  chapter.  For  a 
spherical  cavity,  the  subject  was  discussed  in  detail  by  Lobkis  et  al.*  Here 
we  present  only  the  final  expression  as  developed  there.*  Omitting  a  con¬ 
stant,  the  terms  in  Equation  11.63  may  be  written  as 

Vp,(R,Z)  =  ^£  J(-l)’-(2-8oJAf  LlJR,Z)  (11.64) 

^  n=0  7n=0 


V^(R,Z)  +  V,,{R,Z)  =  -P-2£(-ir(2 -8„j(cA"  ^c,A^)l^{R,Z)T::(R,Z) 

P  ^  n=0  m=0 

(11.65) 

V,,{R,Z)  =  J  J(-l)"(2  -  5o  (KZ)f-K^{T:!:{R,Z)f] 

^  Tu=0  7rt=0 

(11.66) 


with  the  definitions 


L^(R,Z)  =  (-l)'"Jp(e)Tj,(9)exp[i(fcZcose  +  fcj,Dcosej)]/„(fcRsine)P„'”(cos0j,)sinei0 

(11.67) 


T^(R,Z)  =  (-1)"  J  P(0)Ts(6)expti(kZcos0  +  fcsDcos0j)]/„(fcRsin0)^S!_^!Msin0i6 
"  *  (11.68) 

T™(R,Z)  =  (-I)"!  P(0)T5(6)expIi(fcZcos0  +  kp  cos  0^  )]/„(fcR  sin  0)  sin  0  dQ 


(11.69) 
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Appendix  C 

The  explicit  form  of  the  coefficients  is 


"  w-^smsY 

A  '  ”  A  ^ 


>455  __ 

'  A  '  ” 


A^ 

A. 


(11.C.1) 


where 


A„  =  n(n  +  l)[/z„(Xp)  -  xX{Xp)]lKiXs)-XsKiXs)] 

-  [(Pn  -  l)^n(^p)  +  ^xXiXpWnKiXs)  +  ^5^«(^s)l' 

Af  =  n(n  +  l)[/„(Xp)  -  Xpj'„{Xp)]  [h„{Xs)  -  x^Kix^)] 

-  [(P„  -  i)/„(^p) + 2:>^p;;:(^p)][PA(^s)+ 

A^^==n{n+l)[h„{Xp)-Xph;,iXp)][j„iXs)-Xs)'„{Xs)] 

-  [(P„  - 1  A(:^p) + ^Xph;,{XpWj„{Xs) + Xsi'„{Xs)], 

Af  =  -±(l  +  pj,  Af  =  -A(i  +  pj, 


and 


Xp  =  kpa,  Xs  =  k^,  p„  =  l+-^-«(n  +  l). 
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Appendix  B 

For  spherical  elastic  particles,  the  coefficients  A^  are  given 


A  (^22^33  ^32^23)  ^2(^12^33  ^32^3) 

^11  (^22^33  ~  ^32^23  )  “  ^21  (^2^33  ^32^3  ) 


4ii  =—{WKi^)> 

ri 

=  [2n(n  + 1)  -  -  Mk^af  j^ikpd), 

rfj3  =  2n(n  +  liikMiKa)- jMl 
d,,  =  -{ka)K{ka), 

dn  =  (kp‘‘)inik/),  (11.B.1) 

^23  =n(n  +  l)/„(fc,fl), 

^31  ~ 


4  =  2{kMiKa)+[{Kaf  -  2n(n  + 1)  +  2]j„{k,a), 

Al=-^{Kafj„ika), 

r  s 

Al  =  {ka)f„{ka) 

here  j„  are  the  spherical  Bessel  functions  and  the  spherical  Hankel  func¬ 
tions  of  the  first  kind,  k^=^,K  =  T''^p  longitudinal  and  shear 

velocities  of  the  spherical  particle.  Tf\e  stroke  denotes  the  derivation. 
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here  Z  are  the  acoustic  impedances  defined  by 


Zp  =  -^,Z,  =  -^,  Z  =  -^,  4,  =  ZpCos'(29,)  +  Z,cos'(2e,) 
COS  Op  cos  05  cosO 

(11.A.2) 

and  and  are  density,  longitudinal  wave  velocity,  and  shear  wave 
velocity  of  the  sample;  p  and  c  are  density  and  longitudinal  wave  velocity 
of  water.  The  angles  6p  and  ^5  are  determined  from  Snell's  law 


sin  Op  = 


— sinO, 
c 


(lloA.3) 


The  transmission  coefficients  for  longitudinal  (Tp)  and  shear  waves  (Tg)  are 
given  by^ 


Tp(0)  = 


2ZpCOs(205) 

4+z  ' 


^5(6)= 


“2Z5COs(205) 


(11.A.4) 


For  an  incident  energy  flux  £,  the  energy  flux  propagating  away  from  the 
surface  is^ 


£r  =  |91(e)|'£ 

while  the  transmitted  longitudinal  is 


ptan9 

Pstane^ 


|7;(e)|'£ 


(11.A.5) 


(11.A.6) 


and  the  transmitted  shear  is 


_ptar^j  ^  ^2 


(11.A.7) 


Appendix  A 

For  solid  liquid  interface,  the  reflection  coefficient  can  be  expressed  using 
acoustical  impedances^^^^ 


(11.A.1) 
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light  microscopy;  acoustic  microscopy  at  400  MHz.  (b)  Z  =  -10  pm,  (c)  Z = -100  pm  (From  Zinin, 
P.,  Nondestructive  Testing  Evaluation  Int.,  33,  283,  2000.  With  permission.) 

They  must  be  either  very  thin  surface  breaking  or  subsurface  cracks  originat¬ 
ing  not  deeper  than  the  length  of  the  Rayleigh  wave. 

SAM  can  be  used  not  only  for  detection  but  also  for  crack  characterization. 
Knauss  et  al  measured  the  depth  of  the  short  surface-breaking  cracks  by  time- 
resolved  microscopy.^  Hidden  from  optical  microscope,  scratch-induced 
aacks  have  been  observed  in  Al-Cu-Fe  alloy  coatings.^^  SAM  can  detect 
hidden  fatigue  cracks  in  riveted  lap-joint  samples  (two  aluminum  alloys  pan- 
els).^"^  Arnold  et  al.^^  investigated  the  formation  of  microcracks  in  a  frontal 
processing  area  around  a  crack.  Lawrence  et  al.  demonstrated  detection  of 
cracks  at  the  boundary  between  matrix  and  fiber  in  fiber  composites. 

11,4*5  Other  SAM  applications 

A  very  interesting  application  for  acoustic  microscopy  was  found  by 
Dresher-Krasiska.  She  demonstrated  that  time-resolved  acoustic  microscopy 
allows  stress  distribution  to  be  visualized  inside  compressed  aluminum.^^^ 
Recently,  Landa  et  al.^^^^  developed  an  approach  that  provides  a  quantitative 
description  of  the  phenomena. 
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FIGURE  11.30 

Acoustical  innages  of  the  degraded  joint  of  the  same  area  as  in  Figure  11.29.  Sample  was  in  90°C 
water  for  49  days:  (a)  defocus  distance  =  23  |im;  (b)  time  of  flight  SAM  image  shows  cross 
section  of  the  blister. 

is  likely  due  to  corrosion  of  the  aluminum  rather  than  to  disbonding  at  the 
interface. 


11.4.4  Imaging  Cracks 

Cracking  is  a  common  cause  for  the  degradation  of  materials  used  in  indus¬ 
try,  therefore  early  non-destructive  detection  of  cracks  is  of  importance. 
Scanning  acoustic  microscopy  has  proved  to  be  of  great  value  for  the  detec¬ 
tion  of  cracks  in  a  variety  of  materials  such  as  ceramics,^^^^"^^^  metals, and 
fiber  composites.^^  Different  types  of  cracks  can  be  visualized  by  SAM, 
including  surface-breaking  cracks^^'®^  and  tensile  cracks  in  hard  coatings.^^ 

For  some  materials  SAM  is  the  only  method  to  detect  cracks.  For  example, 
the  ability  to  locate  cracks  at  the  aggregate/paste  interface  and  subsurface 
cracks  in  aggregates  in  concrete  is  unique  to  SAM,  since  the  cracks  do  not 
appear  in  optical  images.  In  contrast,  the  scanning  electron  microscope  can 
visualize  only  surface-breaking  cracks.  In  addition,  it  may  introduce  cracks 
in  the  concrete  as  a  result  of  sample  preparation.  Cracks  that  often  appear 
during  electron  microscopy  studies  are  due  to  the  vacuum  used  for  electron 
microscopy 

Acoustic  microscopy  shows  its  definite  advantage  over  other  techniques  in 
identifying  cracks  within  rocks  and  solids  by  the  presence  of  the  Rayleigh 
fringe  contrast.®^  The  theory  of  the  fringe  formation  close  to  cracks  is  described 
in  Section  11.3.1.3.  Figure  11.31  shows  a  defocused  acoustical  image  of  granitic 
grains  in  Portland  cement  paste.  The  two  acoustic  images  (Figure  11.31  [b] 
and  Figure  11.31[c])  were  taken  at  400  MHz.  The  Rayleigh  wave  fringes 
appear  in  the  slightly  defocused  acoustical  image  (Z  =  “10  jiim),  indicating 
the  existence  of  some  cracks.  At  higher  defocus  (Z  =  “100  pm),  two  cracks 
are  visible  in  the  SAM  image  with  excellent  contrast.  The  reflected  light  optical 
micrograph  (Figure  11.31[a])  does  not  show  any  cracks.  It  is  difficult  to  estimate 
the  depth  of  the  cracks  from  the  acoustical  image  in  Figure  11.31  since  the 
cracks  are  not  visible  in  optical  or  in  acoustical  images  focused  on  to  the  surface. 
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leads  to  concentric  fringes  that  reveal  the  heights  and  profiles  of  individual 
blisters. 

Acoustic  microscopy  provides  an  opportunity  not  only  to  detect  delami¬ 
nations,  but  also  to  investigate  the  structure  and  shape  of  the  disbonding. 
We  demonstrate  this  capability  by  describing  SAM  studies  on  adhesive 
bonding  as  is  widely  used  in  the  aircraft  industry  In  order  to  increase 
adhesion  between  aluminum  and  epoxy,  a  special  surface  pretreatment  used 
on  aluminum  adherents  in  aerospace  applications  produces  a  honeycomb - 
like  oxide  structure  on  the  adherent  surface.  The  adhesive  penetrates  some 
distance  into  the  honeycomb  cells  to  form  a  microcomposite.  The  overall 
thickness  of  this  interlayer  between  the  bulk  adhesive  and  the  bulk  adherent 
in  a  typical  aluminum-epoxy  joint  is  of  the  order  of  1  \im  only  Degradation 
of  the  boundary  between  the  interlayer  and  epoxy  can  be  observed  only 
under  severe  degradation  conditions. 

Figure  11.29  shows  the  degradation  of  a  sample  comprising  an  anodized 
layer  1-pm  thick  and  covered  by  15  pm  with  epoxy  after  immersion  in  a 
90°C  water  bath  for  22  days.  Blisters  about  100  pm  in  diameter  were  found 
at  the  interface  (see  Figure  ll,29[a]  and  Figure  11.29[b]).  The  SAM  images 
illustrate  that  degradation  occur  at  discrete  sites,  rather  than  being  uniformly 
distributed  over  the  surface.  After  49  days  in  90'^C  water,  a  small  blister,  seen 
in  the  white  square  in  Figure  11.29(b),  becomes  visible  at  a  defocus  z  =  23  pm 
(Figure  11.30[a]).  In  the  time  scan  (Figure  11.30[b])  the  vertical  axis  corre¬ 
sponds  to  the  direction  of  the  line  scan  600  pm  in  length.  The  horizontal  axis 
corresponds  to  the  time  individual  reflections  take  to  return  to  the  transducer, 
with  the  frame  width  corresponding  to  100  ns. 

A  pulse  reflected  at  the  epoxy  water  interface  shows  a  light-dark-light 
contrast,  whereas  the  signal  reflected  at  the  epoxy/blister  interface  has  the 
reverse  dark-light-dark  contrast  due  to  a  phase  shift.  The  phase  shift  occurs 
when  the  pulse  is  reflected  at  the  interface  between  a  fast  medium  and  a 
soft  substrate.  Since  the  reflection  at  the  substrate  is  not  visible,  the  blister 


FIGURE  11.29 

Acoustical  images  of  a  degraded  joint  between  15-jim  epoxy  layer  and  1-jim  oxide  layer  on 
pure  aluminum.  Sample  was  in  90°C  water  for  22  days,  (a)  Defocus  distance  =  0  jim;  superficial 
blister  can  be  seen  in  the  top-left  corner,  (b)  Defocus  distance  =  65  ^m;  the  start  of  degradation 
can  be  seen  (bright  spot  in  the  left  bottom  corner). 
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strength;  however,  interface  stiffness  parameters  measured  by  the  SAM  may 
indicate  the  bond  quality  between  film  and  substrate. 

Characterization  of  the  bonding  by  measuring  bond  compliances  is  one  of 
the  real  future  challenges  to  acoustic  microscopy.  Modern  microscopes  can 
distinguish  two  states  of  bonding:  a  perfect  bond  and  full  delaminations  or 
disbonding.  It  has  recently  been  proven  that  the  acoustic  microscope  distin¬ 
guishes  regions  of  interfacial  degradation  at  the  earliest  stages  while  optical 
microscopy  remains  insensitive.'^^'^^  An  illustrative  example  of  the  use  of 
SAM  for  studying  disbonding  is  the  research  conducted  at  the  University  of 
Oxford.”  Crossen  et  al.  applied  acoustic  microscopy  to  monitor  the  propa¬ 
gation  of  the  cathodic  disbonding  of  an  epoxy-polyamide  coating  on  steel 
exposed  to  an  NaCl  solution.  A  linear  scribe  was  made  to  initiate  degrada¬ 
tion.  The  disbonding  (light  area  on  both  sides  of  the  scratch  in  Figure  11.28[a] 
through  Figure  11.28[d])  stops  after  about  50  min,  with  subsequent  devel¬ 
opment  of  microblistering.  Figure  11.28  shows  the  propagation  of  blisters 
beyond  the  disbonded  region.  Individual  blisters  grow  with  time  and  new 
blisters  form  at  ever  increasing  distances  from  the  cut  as  time  progresses. 
The  separation  between  the  substrate  and  the  coating  on  blisters  eventually 
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FIGURE  11.28 

(a-<i)  SAM  images  (at  300  MHz)  showing  the  developing  of  blisters  beside  a  scribe  in  an  epoxy¬ 
polyamide  coating  on  mild  steel.  The  exposure  time  to  a  0.05-m  NaCl  solution  increases  to  4 
hours,  (d)  The  width  of  the  bars  is  100  iiim.  (e)  The  extent  of  the  blister  zone  vs  (time)^/^  during 
exposure;  the  points  correspond  to  the  time  when  images  (a-d)  were  taken.  (From  Crossen,  J.D. 
et  al.,  faratiay  Discuss.,  107,  417,  1997.  With  permission  of  the  Royal  Society  of  Chemistiy.) 
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FIGURE  11.27 

Pulse  trains  for  a  thick  (5.68  mm)  glass  plate  with  spherical  steel  transformer  (r  =  3.36  mm) 
obtained  at  the  frequency  13.5  MHz  for  focusing  the  beam  on  the  (a)  front  and  (b)  back  faces 
of  the  plate.  In  (c)  and  (d)  the  transformer  body  forms  a  narrow  quasi-collinear  beam  of  the 
longitudinal  and  shear  wave,  correspondingly. 

for  inspection  of  layered  solids  with  bond  defects.  Wang  used  a  Fourier 
spectrum  approach  to  model  a  confined  bond  defect  between  layer  and 
substrate.  The  bond  defect  was  characterized  by  shear  (s(x))  and  normal 
{n{x))  bond  compliances.  The  total  disbonding  corresponds  to  s  =  n  =  , 

and  perfect  bonding  corresponds  to  s  =  n  =  0.  An  analytical  expression  for 
the  Green  function  of  the  bond  defect  can  be  obtained  only  when  n  and  s 
are  small  (the  Born  approximation).  It  has  a  complicated  form,  and  we  will 
not  present  it  in  this  chapter.  To  simulate  responses  of  the  acoustic  micro¬ 
scope  in  the  case  of  strong  disbonding,  numerical  calculation  is  required. 
Results  of  the  numerical  simulations  showed  that  the  acoustic  microscopy 
response  was  sensitive  to  the  normal  bond  compliance  in  all  defocus  ranges. 
However,  the  shear  bond  compliance  has  an  influence  on  the  response  only 
at  large  defocus.^^^  Parthasarathi  et  al.^^^  and  Guo  et  al.^^^  modeled  the  bond 
defect  as  an  infinitly  thin  layer  with  normal  and  tangential  stiffness  param¬ 
eters.  They  concluded  that  the  SAM  cannot  directly  measure  the  interface 
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FIGURE  11.26 

C-scan  images  of  a  hard  amorphous  carbon  sample:  (a)  surface  image,  (b)  interior  image 
obtained  by  the  impulse  reflected  from  the  back  side  of  the  sample.  The  field  of  view  is  1*1 
mm^(From  Berezina,  S.  et  al..  Ultrasonics^  38,  327,  2000.  With  permission.) 

be  investigated  only  by  low-frequency  acoustic  microscopes/^  in  which  the 
defocusing  distance  is  not  limited  by  the  attenuation  of  sound  in  the  immer¬ 
sion  liquid  as  in  the  case  of  a  microscope  operating  at  1  GHz. 

To  conduct  quantitative  SAM  measurements  of  the  elastic  properties  of 
fast/hard  materials,  Wickramasinghe^^  suggested  using  a  solid  hemisphere 
(transformer)  as  an  additional  refraction  surface  to  decrease  the  beam  aber¬ 
ration  inside  the  solid  objects  (Figure  11.27).  A  steel  transformer  was  suc¬ 
cessfully  used  by  Berezina^^  to  detect  a  signal  from  the  back  side  of  fullerene 
ceramics.  The  steel  hemisphere  provided  good  acoustic  impedance  matching 
between  mercury  and  the  hard  sample.  Because  of  the  transformer,  the 
energy  of  the  whole  aperture  (aperture  angle  0  =  23^)  beam  is  transmitted 
into  the  sample.  Using  a  transformer,  it  is  also  possible  to  focus  the  beam 
onto  the  significant  depth  and  to  create  the  quasi-collinear  beam  by  moving 
the  transformer  surface  toward  the  lens.  Figure  11.27(a)  and  Figure  11.27(b) 
represent  the  pulse  trains  obtained  at  the  frequency  13.5MHz  when  the  beam 
is  focused  onto  the  front  or  back  surface  of  the  5.68-mm  glass  plate.  Figure 
11.27c  and  d  represent  the  acoustic  responses  of  the  plate  to  the  collinear 
beams  of  longitudinal  and  shear  waves.  The  transformer  was  then  effectively 
applied  for  measuring  the  longitudinal  sound  velocity  in  the  new  hard 
phases  of  carbon.^^ 


11.4.3  Evaluation  of  Adhesion  by  SAM 

The  detection  of  bond  defects  in  layered  structures  is  another  area  of  non¬ 
destructive  testing  where  acoustic  microscopy  has  been  successfully  used 
for  many  years.^^'^^^  Recently,  Parthasarathi  et  al.,^^^  Wang,^^®  and  Gao  et  al.^^^ 
discussed  the  theoretical  aspects  of  the  application  of  scanning  acoustic 
microscopy  for  evaluating  the  adhesion  between  a  film  and  a  substrate  and 
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surface  and  defocused  to  Z  -  “6  and  -8  ^m,  respectively.  All  images  reveal 
surface  and  subsurface  defects  in  the  coatings.  A  comparison  of  the  bright¬ 
ness  of  the  defects  in  the  two  images  shows  that  the  defects  in  the  circles  in 
Figure  11.25(b)  are  subsurface  defects  while  those  in  the  rectangles  are  sur¬ 
face  defects. 

A  close  look  at  the  two  images  also  shows  that  subsurface  defects  that 
were  not  visible  in  the  in-focus  image  (Figure  11. 25  [a])  appeared  in  the 
defocused  images  (Figure  11.25[c]  through  Figure  11.25[d]),  such  as  that 
marked  in  Figure  11.25(c).  The  interpretation  of  the  images  is  more  compli¬ 
cated  than  for  softer  materials.  The  brightness  of  the  contrast  in  Figure  11.25 
also  suggests  that  defects  are  in  focus  when  Z  =  -6  jim.  Equation  11.86  gives 
2.04  pm  for  Zp.  The  penetration  depth  of  the  Rayleigh  wave  is  2.1  pm  at 

1.3  GHz.  Therefore  the  Rayleigh  wave  does  not  interact  with  defects,  and 
the  images  in  Figure  11.25  are  formed  by  longitudinal  or  shear  waves.  The 
wavelength  of  the  longitudinal  wave  (3.8  pm)  is  greater  than  the  film  thick¬ 
ness  (2.9  pm).  In  such  a  case,  images  can  be  called  near-field  images.  For 
near-field  images,  the  ray  theory  does  not  provide  the  location  of  the  defects, 
and  the  rigorous  solution  in  Equation  11.63  through  Equation  11.69  should 
be  used.  The  characterization  of  the  subsurface  defects  located  in  the  near¬ 
field  of  the  liquid/solid  interface  has  not  been  extensively  investigated  in 
acoustic  microscopy  and  will  be  a  challenging  future  problem. 

11.4.1.3  Subsurface  imaging  in  Stiff/Hard  Solids 

Imaging  defects  and  the  subsurface  microstructure  in  stiff/hard  materials 
are  a  complicated  task.  The  behavior  of  the  transmission  coefficients 
(Figure  11.22[b])  provides  a  clear  picture  of  the  problems  arising  when  the 
SAM  is  used  to  imagine  the  subsurface  miaostructure  of  stiff /hard  materials 
(see  also  Jipson^^^).  The  transmission  coefficient  in  Figure  11.22(b)  was  sim¬ 
ulated  for  a  superhard  amorphous  carbon  synthesized  at  high  pressure  and 
high  temperature.  The  elastic  parameters  of  the  sample  are  given  in  Table 
11.1.  Superhard  materials  synthesized  from  C^q  at  high  pressure  and  high 
temperature  can  be  obtained  only  in  small  amounts  (several  millimeters  in 
length).  The  strong  mismatch  between  the  coupling  liquid  and  the  sample 
(as  regards  both  velocities  and  impedances)  significantly  reduces  the  energy 
of  the  transmitted  beam  (see  Figure  11.22[b]).  To  reduce  the  mismatch,  mer¬ 
cury  can  be  used  as  a  coupling  liquid.^^  Figure  11.26  is  a  C-scan  of  hard 
amorphous  carbon  (Cp  -  11  km/sec)  synthesized  at  the  pressure  of  11  GPa 
and  the  temperature  of  1450  K.  The  image  was  taken  by  SAM  operating  at 
30  MHz,  and  the  thickness  of  the  sample  was  2  mm.  Use  of  mercury  as  an 
immersion  liquid  makes  it  possible  to  obtain  an  image  of  the  back  side  of 
the  sample.  The  impedance  of  mercury  matches  better  with  the  impedance 
of  the  sample,  and  the  energy  transmitted  into  the  sample  increases  (see 
Figure  11.22[b]).  The  back  side  image  (Figure  11.26)  revealed  the  crack  and 
the  gradient  of  the  velocity  (variation  of  the  grey-scale)  in  the  hard  amor¬ 
phous  carbon.  It  should  be  noted  that  very  fast  or  superhard  materials  can 
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objects  in  Section  11.3.  It  has  been  shown  that  the  radius  of  the  image  of  a 
spherical  object  is  always  smaller  than  the  actual  radius  of  the  sphere  and 
can  be  estimated  as  ka  sina. 

As  can  be  seen  from  the  examples,  SAM  is  a  powerful  tool  for  subsurface 
imaging  of  the  defects  inside  soft  opaque  materials.  As  a  result,  acoustic 
microscopy  is  widely  applied  in  the  non-destructive  inspection  of  electronic 
and  optoelectronic  structures,^^^^^®  integrated  circuit  packages,^^^  electronic 
packaging,^^*^  and  defect  localization  in  the  computer  memory  DRAM,^^^ 


11,4,1.2  Subsurface  Imaging  in  Moderately  Hard  Solids 

One  of  the  expanding  applications  of  the  SAM  is  the  inspection  of  the  thin 
hard  film  as  is  widely  used  in  current  industrial  developments.  It  is  now 
recognized  that  new  diamond-like  carbon  (DLC)  coatings  have  an  extraor¬ 
dinary  potential  to  extend  the  life  of  machine  components.  The  thicknesses 
of  the  DLC  films  used  in  industry  are  usually  about  several  microns.  The 
SAM  operating  at  high  frequency  likely  is  an  ideal  device  for  studying  film 
microstructures.  Figure  11.25(a)  through  Figure  11.25(d)  shows  the  1.3-GHz 
acoustical  images  of  a  flat  steel  sample  coated  with  a  Cr-DLC  film  obtained 
AU:  with  the  Leitz  Ll.SAM  acoustic  microscope.  The  thickness  of  the  film  was 

ELSAM...:  2.9  pm.  The  elastic  properties  measured  by  Brillouin  scattering  are  given  in 

Please  spell  m  the  figures  the  acoustic  microscope  is  focused  onto  the  top 

out  acronym 
on  1  St  ref. 


FIGURE  11.25 

Acoustical  image  of  the  surface  of  the  coated  sample  (Cr  DCX)  at  1.3  GHz,  The  field  of  view  is 
200*130  pm:  (a-b)  image  was  taken  at  focus.  Defects  inside  the  circles  are  subsurface  defects, 
inside  the  squares  are  (c)  surface  defects  image  that  were  taken  at  defocus  Z  =  -6  pm;  (d)  image 
was  taken  at  defocus  Z  =  -8  pm. 
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FIGURE  11.24 

Acoustical  image  of  ti\e  surface  of  a  concrete  sample  at  50  MHz.  (a)  Subsurface  image  of  a  steel 
bar  in  concrete.  The  field  of  view  is  36*36  mm.  (b)  Time-resolved  image  of  the  same  sample,  B- 
scan  normal  to  the  steel  bar. 

Corrosion  of  reinforcing  steel  in  concrete  is  one  of  the  leading  causes  of 
infrastructure  deterioration.  Recently,  it  has  been  found  that  the  time- 
resolved  SAM  is  able  to  determine  the  mechanical  properties  of  a  thin  layer 
of  concrete  of  several  millimeters  around  a  steel  bar  and  to  perform  subsur¬ 
face  imaging  of  the  steel /concrete  interface. 

Figure  11.24(a)  shows  acoustical  images  of  the  reinforced  concrete  sample 
taken  from  the  top  surface  at  50  MHz  by  the  low-frequency  acoustic  micro¬ 
scope  KSI 50  (Kramer  Scientific  Instruments).  The  image  of  the  rebar  located 
below  the  surface  at  a  depth  of  2  mm  shows  a  good  contrast^^  (see  Figure 
11.1).  Attempts  to  get  images  of  the  rebar  located  deeper  than  2  mm  were 
not  successful  with  the  given  frequency  of  the  microscope.  The  image  con¬ 
tains  dark  areas  near  the  rebar,  which  can  be  attributed  to  high-porosity  areas 
in  which  sound  attenuation  is  very  high.^^  The  bright  areas  in  the  images 
(Figure  11.24[a]  and  Figure  11.24[b])  represent  voids  (filled  with  air)  and 
aggregates.  The  images  of  the  rebar  are  fairly  sharp  and  demonstrate  that 
the  acoustic  microscope  operating  at  50  MHz  is  capable  of  evaluating  the 
properties  of  the  rebar /concrete  interface.  B-scans  of  the  sample  are  pre¬ 
sented  in  Figure  11.24(b).  In  these  images,  the  horizontal  axis  corresponds 
to  the  direction  of  the  line  scan.  The  vertical  axis  corresponds  to  the  time 
measured  for  individual  reflections  to  return  to  the  transducer.  The  first 
reflection  pulse  is  seen  as  a  series  of  white-black-white  lines  due  to  reflection 
at  the  water /concrete  interface.  The  pulse  reflected  at  the  concrete/rebar 
interface  is  represented  as  a  signal  with  the  same  polarity  (white-black-white 
lines),  though  the  first  positive  peak  (white)  is  not  as  pronounced  as  the 
second  one.  The  sickle  shape  in  the  middle  of  the  images  is  a  signal  reflected 
at  the  concrete/steel  interface.  The  shape  of  the  image  in  Figure  11.24  is  in 
quantitative  agreement  with  the  theoretical  prediction  made  for  spherical 
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FIGURE  11.23 

Acoustical  images  of  the  defects  in  epoxy  layer  on  aluminum  at  300  MHz  made  by  OXSAM: 
(a)  Z  =  0/  (b)  Z  =  “26  \im,  (c)  Z  =  -43  pm. 


epoxy-aluminum  interface  occurs  when  the  defocus  is  26  pm.  A  comparison 
of  images  of  the  epoxy  surface  (Figure  11.23[a])  and  of  the  epoxy-aluminum 
interface  (Figure  11.23[b])  shows  that  most  of  the  defects  (voids)  are  located 
near  the  interface.  The  contrast  of  the  defects  gets  brighter  as  the  SAM  focus 
moves  closer  to  the  interface  and  more  defects  become  visible.  Further  defo- 
cusing  (Figure  11.23[c])  degrades  the  contrast  of  the  defects  at  the  epoxy¬ 
aluminum  interface,  showing  several  defects  in  the  aluminum. 

Steel  bars  in  concrete  provide  another  example  of  imaging  subsurface  struc¬ 
tures  in  soft  materials.  This  example  attracts  our  attention  because  Portland 
cement  concrete  is  one  of  the  manmade  materials  most  commonly  used. 


% 
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Defocusing  greater  than  30  ^im  can  damage  the  lens,  as  its  focal  length  / 
usually  does  not  exceed  80  |xm.  Analyzing  the  data  in  Table  11.1,  we  can 
conclude  that  for  materials  stiffer  than  silicon  nitride  in  Table  11,1  the  contrast 
of  the  subsurface  images  at  1  GHz  is  mainly  determined  by  the  Rayleigh 
wave.  For  these  materials,  the  Rayleigh  wave  penetrates  deeper  than  the 
location  of  the  focal  points  of  longitudinal  and  shear  waves.  A  rigorous 
analysis  of  the  image  formation  of  micron-size  defects  in  hard  or  superhard 
materials  by  high-frequency  SAM  has  not  yet  been  made. 

Several  techniques  have  recently  been  developed  to  improve  the  imaging 
of  the  subsurface  defects,  and  we  will  mention  several  of  them  that  seem  to 
be  the  most  promising.  Miyasaka  et  a\}^^  designed  two  kinds  of  lenses  using 
the  shear  wave  for  subsurface  imaging.  One  is  a  high-aperture  acoustic  lens 
operating  at  low-frequency  (30  MHz),  and  the  other  is  a  center-sealed  high- 
frequency  (400  MHz  or  1  GHz)  acoustic  lens.  The  latter  has  the  central  area 
of  its  aperture  sealed  to  prevent  longitudinal  waves  from  traveling  into  the 
sample  so  that  the  acoustic  image  is  essentially  composed  of  shear  wave 
components.  The  high-aperture  acoustic  lens  has  an  aperture  with  a  large 
aperture  angle  for  exciting  shear  waves  in  the  object.  Miyasaka  et  al}^^  claim 
that  the  use  of  shear  wave  acoustic  microscopy  allows  an  increase  in  reso¬ 
lution  for  subsurface  imaging  of  approximately  50%.  Interesting  results  can 
be  achieved  with  modern  signal  processing  algorithms.  Bechou  et  al.^^^ 
applied  advanced  digital  signal  processing  based  on  continuous  wavelet 
transform  time-resolved  SAM  images.  Application  of  the  technique  to  a  non¬ 
destructive  analysis  of  a  dye-attached  assembly  showed  the  good  abilities 
of  the  algorithm  to  detect  and  localize  weak  defects  such  as  cracks  in  the 
dye.^^^  Maslov  et  al.^^  monitored  the  phase  of  the  signal  reflected  by  the 
subsurface  inclusion.  It  was  shown  that  detection  of  the  phase  of  the  acous¬ 
tical  signal  can  be  used  to  determine  the  nature  of  defects  and  to  distinguish 
voids  from  solid  inclusions  in  light  casting  alloys. 

In  the  following  we  will  consider  the  SAM  application  for  imaging  sub¬ 
surface  defects  inside  solids  for  three  different  types  of  materials  as  are 
used  in  modern  industry:  soft  materials  (epoxy,  concrete),  superhard  mate¬ 
rials  (amorphous  carbon  synthesized  from  C^q  at  high  pressure  and 
temperature^^^),  and  intermediate  case  amorphous  carbon  films  on  steel  (see 
Table  11.1). 


1 1.4,1. 1  Subsurface  Imaging  in  Moderately  Soft  Solids 

As  has  been  noted  above,  the  imaging  of  subsurface  defects  inside  of  soft 
solids  is  an  easy  task.  Figure  11.23  illustrates  the  imaging  of  defects  located 
at  the  interface  between  aluminum  and  a  IS-pm  epoxy  layer.  Epoxy  and 
polymer  coatings  are  widely  used  by  modern  industry  for  protection  pur¬ 
poses  and  as  an  adhesive.  The  surface  image  of  the  epoxy  layer 
(Figure  11.23[a])  shows  several  defects  as  dark  and  bright  spots.  The  velocity 
of  the  longitudinal  wave  in  the  epoxy  imaged  by  SAM  was  2.6  km/sec  (Table 
11.1).  According  to  Equation  11.86,  focusing  of  the  acoustic  beam  onto  the 
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FIGURE  11.22 

(a)  Ray  picture  of  shear  and  longitudinal  waves  focusing  inside  a  solid  sample  in  the  case  of 
negative  defocus  (Z  <  0).  Rays  AF,  BG,  HD,  and  EK  are  normal  to  the  transducer  surface,  (b) 
The  calculated  relative  intensity  distribution  of  the  longitudinal  and  shear  waves  for  wave 
propagation  from  water  (mercury)  into  superhard  amorphous  carbon  (see  Figure  11.10(b]  and 
Table  11,1  for  elastic  constants)  as  a  function  of  incident  angle:  (1)  longitudinal  wave,  and  (2) 
shear  wave  crossing  water-carbon  interface;  (3)  longitudinal  wave,  and  (4)  shear  wave  crossing 
mercury-carbon  interface- 
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materials  is  determined  by  a  Rayleigh  surface  acoustic  wave.  In  stiff  mate¬ 
rials,  the  longitudinal  and  the  shear  waves  cannot  be  focused  deep  enough 
because  of  the  high-impedance  mismatch  between  immersion  liquid  and 
sample,  but  the  Rayleigh  waves  can  be  excited  efficiently^^  For  stiff  and 
heavy  materials  the  penetration  depth  is  therefore  limited  by  the  wavelength 
of  the  Rayleigh  wave  on  the  sample  surface.  On  the  other  hand,  "for  low- 
impedance  (light  and  soft)  materials  both  longitudinal  and  shear  waves  can 
penetrate  into  the  object  with  a  reasonable  focusing  performance."^'^  We 
illustrate  these  statements  by  considering  the  sound  focusing  below  the  solid 
surface  at  high  frequency  (1  GHz).  Figure  11.22(a)  shows  the  ray  model  of 
waves  propagating  in  a  solid. 

As  discussed  in  Section  11.3,  in  the  geometrical  optics  approach  we  should 
only  take  into  account  rays  that  appear  to  come  from  the  focus  when  inter¬ 
secting  the  transducer.  A  set  of  curves  of  the  power  distribution  of  the 
longitudinal  and  the  shear  waves  traveling  in  the  solid  for  amorphous  carbon 
is  shown  in  Figure  11.22(b).  Here,  the  y-axis  shows  the  normalized  intensities 
for  longitudinal  and  shear  waves  represented  as  Ep/E  and  E^/E,  and  the 
x-axis  represents  the  angle  0  of  the  incident  wave  from  liquid  to  solid. 
Expressions  Ep/E  and  E^/E  are  given  in  Appendix  A.  Simulations  of  the 
refraction  of  a  focused  beam  into  a  stiff  solid  (see  Figure  11.22)  show  that 
only  a  small  part  of  the  energy  emitted  from  the  lens  penetrates  into  the 
solid.  Only  waves  coming  from  the  coupling  liquid  inside  the  cone  with  a 
vertical  semiangle  0  <  0p  can  be  transmitted  into  the  solid  as  longitudinal 
waves.  The  longitudinal  critical  angle  0p  can  be  derived  from  Snell's  law. 
For  solids  with  high  longitudinal  velocities,  the  critical  angles  can  be  very 
small  (see  Table  11.1).  This  is  similar  for  the  shear  waves  (Figure  11.22[b]). 
For  the  numerical  simulations  presented  in  Figure  11.22(b),  we  used  data  for 
superhard  amorphous  carbon  obtained  from  at  high  pressure  and  high 
temperature*^  (see  Table  11.1).  For  this  sample  the  critical  angles  for  longi¬ 
tudinal  and  shear  waves  are  5  and  8^  respectively. 

Using  a  geometrical  optics  approach,  it  is  easy  to  derive  an  expression  for 
the  locations  of  the  focal  points  for  longitudinal  (Zp)  and  shear  waves  (Z^) 
inside  a  solid  (see  Figure  11.22[a])  if  the  (virtual)  defocusing  distance  of  the 
microscope  is  Z 

Zp^  =  Z—  (11.86) 

Cp^ 

A  realistic  picture  of  elastic  wave  focusing  inside  the  isotropic"^  and  the 
anisotropic"^'"^  solids  can  be  simulated  numerically  using  a  Fourier  spec¬ 
trum  approach.  Table  11.1  presents  calculations  of  the  Rayleigh  wave  pene¬ 
tration  depth  and  the  depth  of  the  focal  positions  of  the  longitudinal  (Z^) 
and  shear  (Zg)  wave  at  1  GHz  derived  from  Equation  11.86  for  several  hard 
materials.  The  defocusing  distance  (Z)  was  chosen  as  30  pm  for  numerical 
simulations,  as  this  is  the  maximal  displacement  of  the  lens  operating  at  1  GHz. 
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FIGURE  11.21 

Grey-scale  values  of  maximal  specular  reflection  amplitude  of  V(Z)  curves  as  a  function  of  the 
reflection  coefficient  for  perpendicular  sound  incidence.  The  values  are  calculated  from  material 
densities  and  sound  velocities  of  epoxy,  Mg,  Al,  Si,  Cu,  Ni,  and  W  (in  order  of  increasing 
reflection  coefficient).  The  zero  grey  scale  value  does  not  correspond  to  zero  reflection.  (From 
Hirsekorn,  S.  et  al,  Appl  Phys.  Lett.  67,  745,  1995.  With  permission.) 

coefficient  5R(e),  which  has  a  simple  form  for  a  liquid/solid  interface.^  Its 
analytical  expression  is  given  in  Appendix  A.  The  reflection  coefficient  con¬ 
tains  all  relevant  information  about  wave  propagation  in  the  sample. 

The  analysis  of  Equation  11.85  by  Hirsekorn  et  al.^  demonstrated  that  the 
magnitude  of  the  grey  levels  in  an  image  obtained  with  an  acoustic  micro¬ 
scope  can  be  used  as  a  measure  of  the  acoustic  impedance  of  a  sample  with 
the  spatial  resolution  of  the  instrument^  (see  Figure  11.21). 

Numerical  calculations  show  that  the  reflection  coefficient  is  nearly  con¬ 
stant  and  equal  to  its  value  for  the  zero  incidence  angle  within  more  than 
90%  of  the  region  from  6  =  0  to  the  longitudinal  wave  critical  angle  (see 
Figure  11.10[b]).  Hirsekorn  et  al.^  suggested  the  following  procedure  for  the 
calibration  curve:  A  set  of  polished  samples  of  different  materials  covering 
a  wide  range  of  acoustic  impedances  is  imaged  with  the  SAM.  The  maximal 
amplitude  of  the  specular  reflection  for  each  sample  is  recorded,  stored,  and 
plotted  against  the  reflection  coefficient  for  perpendicular  incidence.  This 
plot  yields  a  straight  line  (Figure  11.21).  The  impedance  of  an  unknown 
material  can  then  be  evaluated  by  interpolation  from  the  maximal  amplitude 
of  the  specular  reflection. 


11.4.1  Imaging  of  Subsurface  Defects 

The  most  common  application  of  the  acoustic  microscope  is  likely  the  detec¬ 
tion  of  subsurface  defects.^^^'^'^^^^  Atalar  distinguished  between  two  methods 
of  subsurface  imaging.^^^  The  contrast  of  subsurface  defects  in  heavy  or  stiff 
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a 

s{t,Z)  =  j 


2Z 

sin  Q  t - COS0 

c 


^  77 

0  Q  f - COS0 

c 


-sin0^f0 


(11.83) 


The  integral  in  Equation  11.83  can  be  presented  with  the  aid  of  the  integral 
sine  Si 


s(^,Z)  =  Sz 


‘Si  Q  — cosa-f 
c 


(11.84) 


The  solution  in  Equation  11,84  consists  of  two  parts:  one  due  to  reflection  of 
the  central  ray  from  the  rigid  surface  and  the  second  due  to  the  rays  radiated 
from  the  edge  of  the  transducer  (edge  wave),  marked  in  Figure  11.10  as 
AO'E.  The  contribution  of  the  edge  wave  to  the  signal  is  smaller  than  that 
of  the  specularly  reflected  ray  and  the  Rayleigh  wave.^^^  Detection  of  the 
edge  wave  has  been  demonstrated  by  Zhang  et  al.^^° 


11.4  Applications  of  SAM  in  Nondestructive  Evaluation 

The  use  of  acoustic  microscopy  is  widespread  and  it  is  difficult  to  describe 
all  areas  in  one  chapter.  We  will  only  discuss  the  area  of  NDE  where  infor¬ 
mation  often  can  be  provided  only  by  the  SAM,  In  acoustic  microscopy,  the 
variation  of  the  mechanical  properties  with  depth  can  be  studied  by  scanning 
the  sample  in  various  focal  depth.  The  lens  position  in  which  the  acoustic 
wave  is  focused  onto  the  sample  surface  is  termed  as  being  in  focus.  When 
the  focal  point  of  the  acoustic  waves  is  at  the  position  below  the  sample 
surface,  the  condition  is  termed  defocused.  Consider  first  the  contrast  of  the 
acoustic  microscope  when  the  surface  of  the  object  is  in  focus  (Z  =  0),  As  can 
be  seen  from  Equation  11.29,  the  signal  from  the  surface  for  a  microscope 
with  the  elementary  pupil  function  in  Equation  11,4  has  the  form 

v(z = 0) = — -  ?  31(e)  sin  e^^e  (ii.ss) 

(1-cosa)  J 
0 

The  expression  for  the  V(Z)  curve  gives  a  clue  to  understanding  the  nature 
of  the  contrast  in  SAM  images.  It  is  obviously  defined  by  the  reflection 
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A  normalizing  coefficient  has  been  omitted.  The  internal  integral  in  Equation 
(11.77)  is  the  Laplace  transform  of  the  function  S^((o)  91  (0,  co)  where  time  is 
replaced  by  the  expression 


f-— cose  (11.78) 

c 

where  c  is  the  velocity  of  sound  in  the  liquid.  The  integral  presentation 
in  Equation  11.77  is  of  interest  for  analytical  manipulations.  We  will  con¬ 
sider  some  boundary  cases.  It  can  be  seen  from  Equation  11.77  that  if  the 
reflection  coefficient  is  real,  the  signal  from  the  solid  half-space  s(t)  has 
the  form 


s(f,Z)  = 


d(o 

(11.79) 


Equation  11.79  can  be  rewritten  as 

a 

s(f,z)=Jp'(e)m®K 

0 

and  repeats  the  shape  of  the  initial  signal  s^{t)  when  the  lens  is  focused  on 
the  surface  of  the  solid  (Z  =  0). 


.  2Z  . 

t - COS0 

c 


sin0d0 


(11.80) 


s{t,Z  =  0)  =  s„(0j  P^(e)')t(0,(o)sine  de  (11.81) 

0 

To  show  the  influence  of  the  lens  properties  on  the  signal  shape,  consider 
a  rectangular  impulse  (S^(co)  =  1,  when  (-Q  <  co  <  H),  and  0,  when  I  co  1  >  H. 
Then  s,  (T)  =  (sin QT)/(nT)  and 


s(i,z)=Jp'(e)m©) 

0 


sin 


^  2Z  '' 
(t-— cose 

V _ ^ _ I 


Y 


12 


f-— cose 

V  ^  y 


sinede 


(11.82) 


Let  the  pupil  function  be  constant  over  the  aperture  angle  (Equation  11.4) 
and  let  the  half-space  be  rigid  (91(6)  =  1).  Then  Equationll.82  has  a  simple 


i 
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transform  to  the  spectrum  Sfco,  Z) 


s{t,Z)  =  I  S^{(o)V{(o,Z)exp{i(ot)d(o 


(11.74) 


where  the  factor  of  l/{2it)  has  been  omitted.  Taking  into  account  the  prop¬ 
erties  of  the  Fourier  transform,  the  output  signal  s(f,  Z)  can  be  presented  in 
an  alternative  form: 


s(f,Z)=Js„(^-f)i;(tZ)rf4,  (11-75) 


where  v{^  Z)  is  the  inverse  Fourier  transform  of  the  frequency  response 
function  V"((D,  Z).  The  expression  (11.74)  has  been  used  in  numerous 
papers.^®^^®^  The  integral  in  Equation  11.75  has,  however,  some  advantages 
for  numerical  simulations. 

To  calculate  the  integral  in  Equation  11.74  numerically,  the  spectra  S^(co) 
and  V{(0,  Z)  must  be  determined  for  both,  positive  and  negative  frequencies. 
Since  the  signals  s{f,  Z)  and  sj^t)  are  real  functions  of  time,  functions  S^(co) 
and  S((0,  Z)  must  be  Hermitian.^^'^’  Their  real  parts  are  even  functions  of 
frequency,  and  their  imaginary  parts  are  odd  functions  of  frequency.  This 
property  can  be  succinctly  written  as  S^((o)  =  S^’^(‘~(d)  and  S(g),  Z)  =  Z), 

where  the  superscript  *  denotes  the  complex  conjugate.  To  extend  V((0,  Z) 
to  the  negative  frequency  range,  we  first  have  to  extend  the  reflection  coef¬ 
ficient  into  the  negative  frequency  range.  We  recall  that  the  reflection  coef¬ 
ficient  has  been  derived  for  an  incident  plane  wave  of  monochromatic  time 
dependence  exp(-icof).  The  phase  of  the  reflection  coefficient  is  just  a  phase 
shift  for  the  plane  wave  due  to  reflection.  Therefore, 


SR(-o),  e)  =  |9t((a,  0)1  exp[-z  arg|9?(-(D,  e)|]  (11.76) 

where  9t  (o),  0),  and  y((0,  Z)  necessarily  are  Hermitian  functions  as  well. 
Equation  11.76  denotes  the  argument  of  a  complex  function.  Using  the  prop¬ 
erties  of  Hermitian  functions^®^  and  Equation  11.76,  we  can  rewrite  Equation 
11.74  for  the  SAM 


s(f,Z)  =  J  (0)  sin  edGReiJs^  ((0)91(0,0))  exp 
0  [o 

(11.77) 

where  Re  denotes  the  real  part  and  91  (o),  0)  denotes  the  reflection  coefficient. 


t 


4- 
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27.8  28.0  28.2  28.4  28.6  28.8  29.0  29.2 

Time  (iim) 

FIGURE  11.20 

Time-resolved  signal  recorded  from  a  hard  amorphous  carbon  sample  by  a  time-resolved  SAM 
AU:  Fig  (developed  at  Institute  of  Biochemical  Physics  [  Levin  V.M.  et  al.,  /.  Phys.  Chem.  Sol,  2001 

1 1 .20  (in  press)]).  The  signals  B  and  L  are  the  result  of  reflection  of  the  longitudinal  wave  from  the 

(Levin):  in  front  and  back  faces  of  the  sample  Signals  of  the  transverse  wave  arise  due  to  conversion  of 
press:  longitudinal  wave  on  the  back  face  (mixed  PS-signal)  and  due  to  conversion  at  the  front  sample 

Update?  face  (SS-signal).  (Figure  courtesy  of  S.  Berezina.) 

the  lens  is  aberration-free  and  that  the  pupil  function  is  independent  of 
frequency.  The  relationship  between  s„(t)  and  s(t,  Z)  and  their  Fourier  spectra 
$„(©),  S(©,  Z)  are 

S^(©)  =  J  s^{t)exp{-mt)dt  (11.71) 


S(®,  Z)  =  J"  s(f ,  Z)  exp{-i(ot)dt  (11.72) 

Because  of  the  linearity  of  the  system,  the  spectrum  of  the  output  signal  of 
the  SAM  S(©,  Z)  is  a  product  of  the  spectrum  of  the  input  pulse  and 
the  frequency  response  of  the  system  V'(Z,  ®) 

S(©,  Z)  =  S„  (®)  Z)  (11.73) 

The  shape  of  a  typical  pulse  s„(f)  and  its  Fourier  spectrum  can  be  found 
elsewhere.^  To  get  the  time  dependence  of  the  output  signal  of  the  micro¬ 
scope  s(t,  Z)  in  response  to  the  excitation  pulse,  we  apply  the  inverse  Fourier 
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(a)  (b) 


FIGURE  11.19 

(a)  The  y(0,  Z)  curve  for  a  steel  ball  in  epoxy  (a  =  0.99  mm,  d  =  1.95  mm,  frequency  =  25  MHz, 
a=:  22®);  1  =  experimental  V{2)  curve,  2  =  experimental  Vpp(Z)  curve,  3  =  theoretical  V(Z)  curve 
with  pupil  function  (Equation  11.5),  4  =  theoretical  Vpp(Z)  curve,  (b)  The  y(0,  Z)  curve  for 
hemispherical  cavity  in  glass  (a  =  1.22  mm,  d  =  1.95  mm,  frequency  =  25  MHz,  a  =  22®),  1  = 
experimental  y(Z)  curve,  2  =  experimental  curve,  3  =  theoretical  V{Z)  curve  with  pupil 

function  (Equation  11.5),  4.  =  theoretical  curve.  (From  Lobkis,  0,1.  et  al.,  /.  Acousi.  Soc. 

Am.,  99, 33, 1996.  With  permission.) 

occur  because  of  the  small  lens  aperture.  The  second  and  the  third  peaks  are 
top  maximum  and  center  maximum  of  the  cavity.  The  origin  of  the  peaks  is 
very  similar  to  that  of  the  peaks  of  a  spherical  particle  as  described  in  Section 
11.3.2.  The  V{Z)  curve  measured  and  simulated  for  shear  waves  Vjj.{R  =  0,  Z) 
contains  three  peaks  as  well.  The  positions  of  the  TM  and  CM  are  different 
from  those  for  Vpp{R  =  0,  Z). 

11.3.4  Theory  ofTime-Resolved  Acoustic  Microscopy 

The  time-of-flight  acoustic  microscopy  technique  provides  an  alternative 
method  to  visualize  the  internal  microstructure  of  solid  materials.  It  has  been 
applied  by  Yamanaka^®^  to  measure  the  surface  acoustic  wave  velocity.  An 
essential  contribution  to  the  application  of  a  time-resolving  method  for  lay¬ 
ered  materials  was  made  by  a  group  from  Oxford  University.^'^'^^^’^*^^  The 
typical  time-resolved  signal  from  a  solid  sample  is  presented  in  Figure  11.20. 
Separation  in  time  reflection  for  the  different  types  of  waves  (P,  PS,  SS)  from 
the  structures  located  below  the  sample  surface  provides  additional  infor¬ 
mation  about  these  structures  and  also  allows  their  location  to  be  determined 
(e.g..  Figure  11.5). 

The  theory  of  time-resolved  measurement  can  be  found  elsewhere.^^^^’^^^^ 
Here  we  will  obtain  a  simple  solution  using  a  Fourier  spectrum  approach. 
Let  the  defocus  Z  be  fixed  and  a  short  acoustic  pulse  sjt)  be  emitted  by  the 
lens  toward  the  sample,  and  s(f,  Z)  be  the  output  signal.  We  suppose  that 
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AU:  Equa¬ 
tion  11.67; 
Per  preced¬ 
ing  sen¬ 
tence, 
should  this 
be  “Equation 
11.64”? 


where  A^^  ,A^^  ,A^^  ,Al^ ,  andA^^  are  the  scattering  coefficients^'^^“^^®  for  a 
spherical  cavity  inside  a  solid  medium  (see  Appendix  B);  is  the  density 
of  the  solid;  Cp  and  Cg  are  the  velocities  of  longitudinal  and  shear  waves, 
respectively,  in  the  solid;  and  kp  =  co/Cpand  =  C0/C5  are  the  corresponding 
wave  numbers.  The  angles  0,  0p,  0^  follow  Snell's  law,  k  sin0  =  kp  sin  0p  =  k^ 
sin05  (see  Appendix  A).  Tp  and  Tg  are  the  transmission  coefficients  for 
longitudinal  and  shear  waves  at  the  liquid/solid  interface.  Analytical 
expressions  for  the  coefficients  can  be  found  in  Appendix  A. 

Although  Equation  11.64  through  Equation  11.69  look  cumbersome,  they 
can,  however,  easily  be  interpreted  using  the  Fourier  spectrum  approach.  To 
understand  the  structure  of  11.67  through  Equation  11.69,  consider 

the  spectrum  of  a  wave  incident  on  the  cavity.  Using  Equation  11.19  and 
Equation  11.20,  we  can  write  it  in  the  coordinate  system  originating  in  the 
center  of  the  cavity 

+  k^Y  +  k,Z  +  k,^p)]  (11.70) 


The  first  term  in  Equation  11.70  is  the  spectrum  of  the  wave  incident  on  the 
focal  plane,  and  the  phase  shift  exp[f(k^X  +  kfY  +  k^Z)]  moves  the  origin  of 
the  coordinate  system  to  point  O'",  which  is  located  above  the  center  of  object 
O'  on  the  liquid/solid  interface.  To  calculate  the  spectrum  inside  the  solid, 
we  multiply  the  incident  spectrum  in  the  liquid  by  the  coefficient  TpJ)Cykf)/ 
which  is  the  transmission  coefficient  from  a  plane  wave  in  the  liquid  to  a 
longitudinal  or  transversal  wave  in  the  solid.^^'*®'^^''”  ^  Finally,  to  get  a  spec¬ 
trum  originating  in  O'  we  multiply  the  spectrum  at  the  liquid /solid  interface 
by  the  propagation  factor  exp[ffcp  ^^D],  with  k^^-  being  the  wave  vector 
of  the  longitudinal  wave  in  the  solid.  The  wave  is  subject  to  refraction  at  the 
liquid/solid  interface  and  Snell's  law  yields  kp^^  =  k^,  kp^^  =  ~ 

■yjKs^K,sx'^K  '  components  of  the  wave  vector  of  the 

incident  plane  wave  in  the  immersion  liquid.  Introducing  spherical  coordi¬ 
nates,  we  find  that  the  angle  0  is  used  for  all  operations  in  the  immersion 
liquid:  irradiation,  represented  by  P(0),  and  shifting  the  coordinate  system 
from  O  to  the  system  O'"  in  Figure  11.18,  which  is  included  in  exp[ifcZ  cos  0] 
}JkR  sin  0).  The  angles  0p5  are  used  for  operations  within  the  solid  such  as 
shifting  of  the  coordinate  system  from  O'"  to  the  system  O'  as  included  in 
expfikp^D  cos  dp^l  and  scattering,  represented  by  P^(cos  Op^). 

Solving  the  inverse  problem  of  determining  size  and  location  of  a  subsur¬ 
face  cavity  from  Equation  11.63  is  a  complex  task.  Lobkis  et  a\}^^  used  the 
method  of  stationary  phase  to  derive  an  analytical  expression  for  the  V{Z) 
curve  of  a  spherical  cavity  in  a  solid.  Figure  11.19  shows  theoretical  and 
experimental  V{R  =  0,  Z)  curves  for  different  solids.  The  Vpp{R  =  0,  Z)  curve 
(measuring  only  of  longitudinal  waves  was  achieved  by  separation  of  the 
reflected  tone  burst  in  time)  exhibits  three  distinct  peaks.  The  first  is  the 
ordinary  V{Z)  curve  from  the  liquid  solid  interface,  where  no  Rayleigh  waves 
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ABSTRACT 

Here,  we  report  successful  measurements  by  surface  Brillouin  scattering  (SBS)  and  scanning 
acoustic  microscopy  (SAM)  of  the  elastic  properties  of  small  specimens  of  amorphous  carbon  obtained 
from  Ceo  under  high  pressure  and  temperature.  The  superhard  phases  of  amorphous  carbon  were  syn¬ 
thesized  from  Ceo  at  pressure  13  - 13.5  GPa  and  temperature  800-900  °C.  Two  types  of  acoustic  waves 
have  been  detected  by  SBS  in  superhard  samples:  surface  Rayleigh  wave  and  bulk  longitudinal  wave. 
The  longitudinal  velocity  (vl)  in  the  hardest  sample  is  slightly  lower  than  longitudinal  wave  velocity  in 
diamond  in  [1 10]  direction.  Simultaneous  measurements  of  the  Rayleigh  and  longitudinal  wave  veloci¬ 
ties  make  it  possible  to  determine  shear  and  bulk  elastic  moduli  of  the  specimens.  Obtained  elastic 
properties  for  amorphous  carbon  synthesized  tmder  pressure  13.5  GPa  and  temperature  900'’C  are 
close  to  those  for  diamond,  indicating  that  bonds  among  amorphous  carbon  network  are  diamond 
bonding  dominated. 


INTRODUCTION 

Recent  interest  in  new  superhard  materials  triggered  by  the  discovery  of  the  fuUerene  molecule  Ceo 
has  led  to  a  series  of  extensive  experimental  studies  of  amorphous  and  nanocrystaUine  carbon  phases 
and  their  properties  in  both  bulk  [1]  and  deposited  as  a  thin  film  [2-4]  states.  Heating  at  relatively  low 
pressures  (P<8  GPa)  has  revealed  one-dimensional  (1-D)-  and  two-dimensional  (2-D)-polymerization 
[5]  of  Ceo  and  subsequent  coUapse  of  the  fiillerene  structure  into  graphite-hke  disordered  carbon  [6]. 
Heating  the  fiillerite  up  to  1000-1300  K  under  the  pressure  3  to  8  GPa  leads  to  a  formation  of  disor¬ 
dered  phases  with  carbon  atoms  predominantly  in  sp^  states.  Heating  Ceo  at  P>8  GPa  results  in  forma¬ 
tion  of  three-dimensional  (3-D)  polymerized  amorphous  phases  of  Ceo,  with  large  number  of  sp^ 
atomic  sites  [7]  and  nanocrystalline  composites  (nanoceramics)  of  diamond  and  graphite  [8],  fueling 
the  most  recent  debates  on  the  existence  of  ultrahard  fullerene-based  phases  with  hardness  higher  than 
diamond  [9].  The  stmeture  of  aU  these  phases  contain  large  amount  of  4-fold  sp^  atomic  states.  The 
existence  of  ultrahard  fuUeroie  phase  with  hardness  higher  than  diamond  was  recently  discussed  [7, 
9].  Such  phases  can  be  obtained  only  in  extremely  small  size. 

Here,  we  report  successful  measurements  by  surface  Brillouin  scattering  and  scanning  acoustic  mi¬ 
croscopy  of  the  elastic  properties  of  two  small  bulk  specimens  of  amorphous  carbon  synthesized  from 
Ceo  under  high  pressure  and  temperature.  The  results  of  these  measurements  are  of  importance  in  im- 
derstanding  the  problem  of  phase  transition  of  Ceo  under  high  pressure  and  temperature  and  particu¬ 
larly  the  issue  of  existing  ultra  and  superhard  phases. 

It  has  been  shown  that  under  high  pressure  and  temperature  Ceo  crystals  transform  through  a  series 
of  intermediate  polymeric,  amorphous  and  nanocrystalline  carbon  phases.  Heating  at  relatively  low 


Wll.9.1 


pressures  (P  <  8  GPa)  results  in  1-D  and  2-D  polymerization  of  Ceo  [5,10]  and  subs^uent  collapse  of 
the  fiillerene  structure  into  graphite-like  disordered  carbon  [6, 10].  The  3-D  polymerized  phases  of  Ceo 
[7],  amorphous  phases  with  a  large  amount  of  sp^  atomic  sites  [11],  and  nanocrystaUine  diamond  and 
graphite  [7]  are  formed  upon  heating  at  these  pressures.  The  formation  of  covalent  bonds  makes  the 
new  phases  very  stable.  Hirai  et  al.  [12]  reported  amorphous  diamond  prepared  from  Ceo  by  shock 
compression.  Based  on  the  indirect  scratching  observations  [13]  and  measurements  made  by  time- 
resolved  acoustic  microscopy  [14],  Blank  et  al.  [9]  postulated  that  superhard  and  ultrahard  phases 
could  be  synthesized  from  Ceo-  However,  their  experimental  results  have  not  been  independently  con¬ 
firmed.  Further,  there  might  exist  some  discrepancy  in  their  measured  values  of  elastic  constants  [7]  as 
fullerite  materials  obtained  under  high  pressure  are  not  homogeneous  and  consist  of  several  phases 
with  different  elastic  properties.  The  dimensions  of  the  different  phases  vary  from  tens  to  hundreds  of 
microns.  Thus,  Brillouin  spectroscopy  and  acoustic  microscopy,  which  provide  high  lateral  (1  -  30  |X) 
and  axial  (1  - 100  p)  resolution  in  elastic  properties  measurements,  are  valuable  tools  for  characteriz¬ 
ing  such  specimens. 

The  first  experimental  SBS  study  of  the  fiillerene  product  resulting  from  laser  irradiation  of  a  Ceo 
single  crystal  [15]  revealed  that  high  laser  intensities  must  be  used  to  detect  Brillouin  scattering.  Sound 
velocities  measured  in  that  experiment  (280-700  m/s)  are  substantially  lower  than  the  value  reported  in 
literature  for  solid  Ceo.  The  shift  of  the  Brillouin  doublets  observed  by  Manfredini  et  al.  [15]  was  in  the 
energy  range  typical  for  slow  polymer  or  carbon  gels.  Pol^erized  phases  obtained  under  high  T-P  are 
much  stiffer.  One  would  therefore  expect  normal  laser  intensity  to  produce  SBS  spectra  from  hard 
fuUerene  materials.  To  our  knowledge  Brillouin  scattering  studies  of  bulk  hard  phases  synthesized 
from  Ceo  have  not  been  conducted  yet. 


EXPERIMENTAL  DETAILS 
Specimens 

Two  bulk  amorphous  carbon  (a-C)  samples,  employed  in  this  study,  were  synthesized  from  Cgo 
fullerite  powder  at  13  to  13.5  GPa,  800±100°C  (sample  A)  and  900±100°C  (sample  B)  at  the  Institute 
for  High  Pressure  Physics,  Moscow.  Fullerite  powder  was  produced  at  the  Russian  Scientific  Center 
“Kurchatov  Institute”. 

Brillouin  light  scattering 

Brillouin  light  scattering  is  generally  referred  to  as  inelastic  scattering  of  an  incident  optical  wave 
field  by  thennally  excited  elastic  waves  in  a  sample  [16].  The  phonons  mosing  in  thermal  eeiuilibrium 
with  very  small  amplitudes  can  be  viewed  as  a  moving  diffraction  grating  by  an  incident  light  wave. 
Mechanism  of  the  light  scattering  by  moving  diffraction  gating  can  be  explained  by  the  two  concepts 
of  Bragg’s  reflection  and  Doppler  shift.  Brilloiiin  light  scattering  can  be  viewed  as  a  Bragg’s  reflection 
of  the  incident  wave  by  the  diffraction  grating  created  by  thermal  phonons  [17]. 

For  the  backscattering  geometry,  the  surface  acoustic  modes  which  cause  the  diffraction  of  the  in¬ 
cident  light  have  wave  vector  q  given  by 

4;rsin^ 
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X  is  the  wavelength  of  the  incident  laser  light,  and  q  is  the  projection  on  the  surface  of  the  scattering 
wave  vector,  llie  moving  corrugating  surface;  scatters  the  incident  light  with  a  Doppler  shift,  giving 
scattered  photons  with  shifted  frequencies.  The  frequency  shift  5/ in  the  light  scattering  is  related  to  the 
surface  wave  velocity  Vsaw  by  equation 
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yaw 


A 

2sin^ 


Sf 


At  room  temperature  and  above,  the  Brillouin  scattering  efficiency  or  intensity  for  scattering  from  the 
surface  of  an  opaque  materials  by  dynamic  ripphng  of  the  surface  can  be  represented  as  [17] 

T 

I((o)  =  A—\mg^^{q,0)) 

(O 

where  co  is  the  angular  frequency  shift  of  the  light;  T  is  the  absolute  temperature;  factor  A  depends  on 
the  medium  (density  and  permittivity),  scattering  geometry,  polarization  and  incident  photon  fre¬ 
quency;  g33  (q,Oi),  Fourier  coefficient  of  the  elastodynamic  Green’s  function.  A  comprehensive  descrip¬ 
tion  of  how  g33  (^,(d)  is  calculated  for  a  multilayered  anisotropic  medium  is  given  in  [17]. 

Elasto-optic  interaction  or  scattering  of  light  by  bulk  sound  waves  result  from  fluctuations  in  the 
dielectric  constant  caused  by  the  phonons  moving  in  thermal  equilibrium.  The  interaction  arises  from 
changes  in  the  refractive  index  produced  by  the  strain  generated  by  sound  waves;  the  change  in  refrac¬ 
tive  index  is  related  to  the  strain  through  the  elastooptic  constants  p““,  which  determine  the  degree  of 
interaction  between  the  light  and  the  material  [16].  In  backscattering,  sound  velocity  (V)  can  be  ex¬ 
pressed  as  a  function  of  the  frequency  shift  and  refraction  index  n  by  the  following  formula 


2n 


Brillouin  light  scattering  technique  is  ideally  suited  for  studying  the  elasticity  of  bulk  materials 
and,  especially,  thin  films  [18, 19].  It  has  proven  to  be  a  very  effective  technique  for  investigating  the 
near-surface  elastic  properties  of  opaque  bulk  materials. 


Acoustic  MicroscoDV 

Acoustic  microscopy  is  a  relatively  new  technique  that  has  been  developed  for  non-destmctive 
characterization  of  the  mechanical  microstmcture  of  sohd  materials  with  a  resolution  of  1  |xm  [20].  A 
schematic  diagram  of  an  acoustic  microscope  working  in  the  reflection  mode  is  presented  in  Fig.  1. 
In  conventional  acoustic  microscopy,  a  monochromatic  sound  wave  is  focused  onto  a  specimen  by 
means  of  an  acoustic  lens.  The  same  lens  is  used  to  record  the  signal  reflected  back  from  the  sample. 
A  liquid  couplant,  usually  water,  is  placed  between  the  lens  and  the  sample.  The  spherical  lens,  i.e. 
the  lens  with  a  spherical  cavity,  focuses  sound  onto  a  spot  of  size  comparable  to  the  sound  wave¬ 
length  in  the  fluid.  The  fringes,  appearing  in  the  acoustic  images  around  cracks  and  other  discontinui¬ 
ties,  are  Rayleigh  wave  fringes;  they  are  seen  on  defocused  images  as  a  result  of  the  interference  be- 


W1 1.9.3 


tween  waves  reflected  normal  to  the  specimen  surface  and  waves  associated  with  surface  Rayleigh 
waves  [20]. 


V(z) 

Transducer  f 


Figure  1.  Schematic  geometry  of  the  defocused  acoustic  lens.  BE  is  the  trajectory  of  specular  wave, 
and  ADFC  is  the  trajectory  of  leaky  Rayleigh  surface  acoustic  wave  (SAW).  In  the  ray  model  the 
leaky  Rayleigh  wave  is  excited  by  ray  AD,  striking  the  surface  at  the  angle  Or  =  VwA^r.  Here  Vw  is 
the  velocity  of  the  longitudinal  wave  in  coupling  liquid  and  Vr  is  the  velocity  of  Rayleigh  wave. 


RESULTS  AND  DISCUSSION 

Surface  scattering  from  the  Rayleigh  waves  (incident  angle  =  60°)  gives  the  velocity  of  6.5  km/s 
for  the  top  face  of  the  sample  A  and  10.1  km/s  for  the  top  face  of  sample  B.  The  top  face  is  a  surface 
where  pressure  has  been  applied.  The  velocity  of  surface  wave  along  sample  surface  B  is  8%  lower 
than  that  for  [100]  diamond.  Bulk  scattering  from  the  bulk  longitudinal  wave  (LW)  can  be  observed 
for  sample  B.  Refractive  index  for  the  sample  is  not  known.  Assuming  it  to  be  close  to  that  for  Ceo 
(n=2.52)  [15],  the  longitudinal  velocity  in  sample  B  is  then  equal  to  17.5  km/s.  The  longitudinal  veloc¬ 
ity  (vl)  in  the  sample  B  (17.5  km/s)  is  higher  than  that  in  cBN  (15.8  km/s)  or  in  ta-C  films  (15.5  km/s) 
and  is  slightly  lower  than  longitudinal  wave  velocity  (18.6  km/s)  in  diamond  in  [110]  direction. 

An  acoustic  image  of  sample  A  made  by  acoustic  microscope  (Leitz  ELSAM)  is  shown  in  Fig.  2. 
The  image  was  taken  from  the  side  surface  of  sample  A.  The  fringe  width  in  the  cross  section  of  the 
fibers  can  be  used  to  determine  the  Raleigh  velocity.  The  fringe  distance  is  simply  half  a  wavelength 
of  the  Rayleigh  wave.  This  gives  the  Rayleigh  wave  velocity  of  8.0  ±  2.1  km/s.  We  note  that,  though 
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the  error  in  the  measured  Rayleigh  wave  velocity  by  SAM  is  higher  than  that  determM  by  SBS,  the 
SAM  measurements  have  revealed  strong  anisotropy  in  the  elastic  properties  of  sample  A. 


(a) 


(b) 


Figure  2.  (a)  Acoustic  image  of  sample  A  at  400  MHz,  ^d  at  a  defocus  z  = -20  pm,  field  of  view  700 
urn  X  700  pm.  (b)  Optical  image  of  the  same  sample  field  of  view  700  pm  x  700  pm. 


CONCLUSIONS 


3. 

4. 


Elastic  properties  of  the  superhard  phases  of  amorphous  carbon 

sure  13  - 13.5  GPa  and  temperature  900±100“C  have  been  obtained  by  surface  Bnllouin  spec- 

'ThrEitudinal  velocity  in  the  sample  B  is  higher  th- that  in  cBN  or  in  ta-C  films  and  is 
slighfly  lower  than  longitudinal  wave  velocity  in  diamond  in  [1 10]  direction. 

M^sured  elastic  properties  for  amorphous  carbon  obtained  under  pressure  13  - 13.5  GPa 

tpmnerature900±100"C  are  close  to  those  for  diamond.  n 

The^SBS  and  SAM  techniques  have  potential  value  in  charactenzing  extremely  small  size 
specimens  such  as  hard  amorphous  carbon  phases. 
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ABSTR4CT 

of  surface  acoustic  wave  (SAW)  does  not  exceed  2%  for  thin  nm  fiim^  a  ■  substrate  on  the  velocity 

100  The  e,asdc  p„p.hiee  o’t  0,e  cBN  fihSl”  Zf  ^BN  * 

1.  INTRODUCTION 

Recently  there  has  been  a  surge  of  research  effort  related  to  advanced  superhard  materials,  e  cBN  C,N  B  C  CVn 

fSiSSlPii 

Wlmique  offen  the  ™,ee  opportunity  ,o  study  elastic  ptoperties  of  submieron  films.  '  '  * 

e  cu  1C  P  ^se  o  boron  nitride  (cBN)  is  second  in  hardness  only  to  diamond  BN  films  with  a  high 

rh£f:Eyf£SH" 

InntTif  H  films.  For  the  films  thinner  than  the  wavelength  of  the  Ravleigh  wave  in  cBN  laver 

longitudinal  and  shear  velociues  inside  the  film  can  be  determined  by  measuring  the  chspefl?™ 

propagaung  inside  the  layer.  The  purpose  of  this  paper  is  to  characterize  elastic  propeSes  of  the  thin  cBN  films. 

2.  cBN  FILMS 

We  have  investigated  two  cBN  samples  of  thickness  16  and  60  nm.  The  cBN  films  were  deposited  on  SiflOOi 

deposition  process  can  be  found  elsewhere  131  The 

■'"zinin®  soest.hawaii.edu 
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Figure  1.  TEM-picture  of  sample  with  16  nm  cBN  layer. 

The  thickness  of  the  hBN  layer  was  15  nm  for  16  nm  cBN  film,  and  10  nm  for  60  nm  cBN  film. 

3.  EXPERIMENTAL  TECHNIQUE 

A  detailed  descmption  of  the  Brillouin  scattering  experimental  set-up  has  been  published  elsewhere  [8,  9].  In  brief,  Ught 
^m  an  argon  ion  laser  (X=514.5  nm  and  beam  power  of  60mW)  was  focused  onto  the  film  with  a//5.6  lens  (feSOmm). 

j  collected  with  the  same  lens  in  the  backscattering  geometry  and  analyzed  using  a  high  contrast 

and  high  resolution  Bnlloum  spectrometer,  which  incorporated  a  tandem  six-pass  Fabry-Perot  interferometer  [10],  The 
hght  was  detected  by  a  single  photon  counting  module  and  its  output  was  stored  in  a  multichannel  scaler  card  for  further 
Malysis.  Each  spectrum  was  accumulated  for  1-2  hours.  The  ftequencies  corresponding  to  each  of  the  peaks  were 
^eimne  y  a  curve-fitting  routine.  For  the  180  backscattering  geometry,  the  surface  acoustic  modes,  which  cause  the 
oimaction  of  the  incident  light,  have  wave  vector  (Fig.  1)  given  by 


,  4;rsin^ 

^11=—^-  (1) 

where  X  is  the  wavelength  of  the  incident  laser  light  and  is  the  projection  on  the  surface  of  the  scattering  wave  vector, 
0  IS  the  scattering  angle.  The  Doppler  frequency  shift/in  the  light  scattering  is  related  to  the  surface  wave  velocity  vsaw 


V 


saw 


/I 

2  sin  9 


f.  (2) 
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3.  THEORY 


At  room  temperature  and  above,  the  Brillouin  scattering  efficiency  or  intensity  for  scattering  from  the  surface  of  opaque 
matenals  by  dynamic  nppling  of  the  surface  can  be  represented  as  [11-13]:  ^  ^ 


where  A  is  a  comtant  and  depends  on  the  density  and  dielectric  constants  of  the  medium,  scattering  geometry  and 
incident  photon  frequency  and  polanzation, .  The  g,,  is  the  Fourier  coefficient  of  the  elastodynamic  Gian's  fimcSn 


(4) 


^  response  normal  to  the  surface.  Now  we  briefly  describe  derivation  of  the  wavevector 

elast^ynamic  Greens  function  gj^  for  two  amsotropic  layer  supported  by  anisotropic  half  space,  following  [12]  We 
consider  a  general  amsotropic  elastic  continuum  of  density  p  and  elastic  modulus  tensor  occupying  the  halfsnie  x, 
>  0  ^d  two  layers;  hBN  layer  and  cBN  layer  (see  Fig.  2).  The  hBN  interlayer  occupies  ffi^regioS  h  <^Kg  n 
and  ffie  cBN  layer  occupies  the  region  -K<x,  <  -h..  We  denote  elastic  tensor  for  upper  layer  as  and  density  as’  p\ 
2dh^Ts  Jvra  MB  ^  description  of  how  g33  is  calculated  for  a  one  layer  anisotropic 


Figure  2.  Geometry  of  the  SBS  measurements. 

Foman  code  written  for  Green’s  function  computations  by  Prof.  A.  Every  was  applied  y  for  two-layer  anisotropic 

^VSlcITI-  ^ 


4.  RESULTS  AND  DISCUSSION 

Beyond  this  cut^iff.  iheie  is  a  pseudo  surface  acousdo  ““  7™  contouum  (cut-off  poim). 

attenuates  with  distance  as  it  ttarels  along  the  stn^  “«1  as  a  tesult 

Beyond  cut-off,  two  kinds  of  behaviour  can  be  disdnguishpH  tUp^  u  u  • 

properties  of  the  layer  and  the  substrate  are  not  very  SrSit'  a 

increases  up  to  the  Rayleigh  wave  velocity  of  the  l^er  while  the  attenSn^If^^f^”'*” 

TTus  type  of  behavior  h^  been  called  Ic  nonZlMnT^  -^Zr^n^  W°ticaUy  to  zero, 

properties  of  two  materials  are  quite  dissimilar  ^d  thf  behavior  anses  when  the  elastic 

Grfcffs  ta.cdoSr^SeX^d?rf« 

between  cBN  film  and  Si  substrate  on^e  iSoci^  « ,?  »o""ted 

(16  nm)  film  and  is  negligible  for  cBN  films  tLcker  than  ^ 

with  e  and  are  calculated  by  the  Green“:n“rnS„^^^^^^^^ 

Z  Z  oTs  SS)  Z  "'r ^  1  “  p»'^-5'=™lts;':p2^ts,urr3;^r 

to  the  SAW  veloLty  L  tht  3.  For  B  =  0,  the  velocity  conesponds 

-n  threshold  V,  (transverse-wave  threshold),  which  is 

Vt,  the  SAW  degeneraterwith  the  bulk*conto^and  b^^*  '^*“‘^**  associated  with  the  true  surface.  At 

ZS  SSyrr;u^of'^;'^v;ri''’ 

nondispersive  Rayleigh  wave  (RW)  Behavior  of  thi*  caw  Q  this  becomes  the  true 

attribuS  to  the  IpuSig  tl  W  tehaW  h  ^i  substrate  can  be 

measurement  since  the  range  of  angle  used  in  SBS  t20  70®^  cn"t  '  ®hns  are  difficult  for  SBS 

of  the  films  thicker  thr^  „^^d  bv  Sfif  ^  ^ 

bmnchru^ngbelowsherutScrbe^^L^^^^^^^^  ^BN  films.  Tme  SAW 

were  based  on  the  reported  SBS  determined  values  [2"?°^"  “tensity.  The  assumed  elastic  properties  of  the  hBN  layer 
Basic  features  of  the  SBS  spectra  of  Si  have  been  described  elsewhere  rm  n,.*  r,-;ii  •  . 

« a.  d»  r 

longitudinal  threshold  (8.344  km/s).  ^  miesnoia  v^j- (5.844  km/s),  and  another  near  the 
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’^(0  8 


20  30  40  50  60  7^8^90 

Angle  (degree) 

[100],  using  experimentaUy  calculated  for  direction 

the  case  of  thief  cBN  ^  4-  f 

upper  points  belong  to  PSAW.  Theoretical  dispersion  curve  ^  attributed  to  true  SAW.  T 

agreement  with  experimental  data.  To  find  thef  st  fit  of  the  constants  obtained  in  [20]  is  a  goi 

that  the  density  of  cBN  film  is  3.5  g/cm3.  The  L™ff  ^ 

£'55=y(v'  ,  -v'  f 

calc  ^meas)  (4) 


variadon  of  d„  etadc  «  of  4e  ,.ye^  sodd.  .„  e,.  (4)  v' 

^uo,  of  tte  SAW  veJodly  aod  a,e  tho  conospondmg  iheoiodoal  values 
iJenving  elastic  constants  from  experimental  data  for  i  «i  • 

acoustic  wave  is  practically  independent  of  the  angle  (see  Fig  Si^bT  since  velocity  of  the  surfa 

atobuted  to  the  true  surface  waves  for  all  angles  of  incidence  and  th  f  branch  can  I 

3).  Results  of  the  best  fitting  procedure  are  presented  in  Table  1  ^  velocities  are  below  shear  cut-off  (see  also  Fi 

deposition  methods.  tamed  m  articles  [6,  7]  and  can  be  attributed  to  the  differei 
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Figure  4.  Theoretical  SAW  dispersion  curve  for  cBN  film  (16  nm  cBN  /15  nm  hBN)  on  Si  (001)  for  [100] 

direction,  and  compared  with  experimental  data  (stars).  Vris  the  transverse-wave  threshold;  and  V^ris  the  fast 
transverse  threshold. 
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Figure  5.  Theoretical  SAW  dispersion  curve  for  cBN  film  (16  nm  cBN  /15  nm  hBN)  on  Si  (001)  calculated  for  [100] 
direction,  and  compared  with  experimental  data  (stars). 
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Table  1.  Velocities  and  moduli  of  cBN,  hBN  and  Si. 


3. 1..UINULUS10NS 

1.  A  dspion  c«rve  of  SAWs  on  cBN  film  on  Si  (lOO)  hns  been  obtained  by  surface  Briilonin  specnoscopy 

2.  Incoyradng  the  MN  interlayer  into  model  of  the  SBS  response  and  precise  thickness  measurement  of  the 

Uyer  and  hBN  mterlayer  fully  describes  the  behavior  of  the  SAw'dispersion  in  deposite“la^ 

3.  Tlie  elastic  properties  of  the  cBN  films  are  not  softer  than  those  of  bulk  cBN. 

4.  The  SBS  technique  is  of  potential  value  in  interpreting  the  elasticity  of  hBN/cBN  layered  films. 
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ABSTRACT 

Measurements  of  the  hardness  and  Young’s  modulus  of  superhard  coatings  (Hv^40 
GPa)  by  means  of  automated  load-dq)th-sensing  indentation  technique  can  be  subject  to  a 
number  of  errors  that  are  discussed  and  exemplified  here.  Only  load-independent  values  of 
hardness  for  loads  larger  than  30-50  mN  can  be  considered  reliable  when  the  technique  of 
Doemer  and  Nix  (linear  extrapolation  of  the  unloading  curve)  is  used  to  detoinine  the  cor¬ 
rected  indentation  depth.  The  results  are  compared  with  values  of  Vickers  hardness  calculated 
from  the  contact  area  of  the  remaining  plastic  deformation  which  was  measured  by  means  of 
calibrated  scanning  electron  microscope.  The  values  of  Young’s  modulus  obtained  from  the 
indentation  are  close  to  the  zero-pressure  shear  modulus  of  the  coatings  as  measured  by 
means  of  Vibrating  Reed  and  surface  Brillouin  scattering  techniques. 

INTRODUCTION 

Plastic  indentation  hardness  is  defined  as  the  pressure  under  the  indenter  that  causes 
the  material  to  flow  [1,2].  Thus,  for  materials  which  show  little  or  no  strain  hardening  the 
hardness  H  =  L/Ac  must  be  independent  of  the  £5)plied  load  L  (Ac  is  the  contact  area  between 
the  indenter  and  the  material).  In  the  modem  automated  load-depth-sensing  instruments  the 
hardness  (or  more  precisely  the  corrected  indentation  depth  hcorr)  and  Young’s  modulus  are 
evaluated  from  the  slope  of  the  unloading  curve  using  either  a  linear  extrapolation  of  the 
unloading  curve  [3]  or  a  power  law  fit  [4].  These  and  otha  researches  (e.g.  [5,6])  verified 
that  this  technique  yields  values  of  hardness  and  Young’s  modulus  in  agreement  with  the  re¬ 
sults  obtained  by  conventional  techniques.  Olive  and  Pharr  emphasized  that  for  very  hard 
materials,  which  show  a  large  elastic  recovery  upon  unloading,  the  values  obtained  by  the 
load-depth-sensing  technique  may  differ  from  those  obtained  in  the  conventional  way  [7]. 

This  is  due  to  the  fact  that  for  ultrahard  materials  with  elastic  recovery  of  >  90  % 
[9,10]  the  shape  of  the  unloading  curve  is  dominated  by  the  elastic  response  of  the  mate- 
rial/diamond  indenter  pair.  This  can  be  also  understood  when  considering  the  “univesal  hard¬ 
ness”  Hu=Lmax/C  hmax^  (hmax  is  the  maximum  indentation  depth  under  the  maximum  applied 
load  Lmax.  C  is  a  constant  converting  the  indentation  depth  into  the  contact  area)  which  con¬ 
verges  to  a  final  value  of  about  22-24  GPa  when  the  plastic  hardness  approaches  that  of  dia¬ 
mond  [11].  Furthermore,  the  evaluation  techniques  and  the  derivation  of  Sneddon’s  formula 
assume  a  rigid  indenter  whereas  Finite  Element  Method  calculation  showed  that  it  undergoes 
an  appreciable  elastic  deformation  upon  indentation  into  superhard  materials  [12]. 

These  measurements  are  further  complicated  for  tWn  superhard  coatings  on  a  softer 
substrate:  Because  of  a  finite  tip  radius  of  the  indenter  the  indentation  depth  has  to  be  >  0.2- 
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0.3  |nm  [13]  but  simultaneously  it  must  not  exceed  5  %  of  the  thickness  of  the  coatings  in  or¬ 
der  to  avoid  the  effect  of  the  softer  substrate  [12,14].  Consequently,  there  is  a  minimum 
thickness  of  >  6-8  fim  required  for  reliable  measurements  on  superhard  coatings. 

EXPERIMENTAL  DETAILS  AND  RESULTS 

For  the  preparation  and  charactmzation  of  the  superhard  nanocomposite  coatings  we 
refer  to  our  earlier  papa's  (e.  g.  [9-ll,15-19]).The  hardness  measurements  were  done  by 
means  of  the  indentometer  Fisherscope  100  using  a  Vickers  diamond  indenter.  This  instm- 
ment  uses  linear  extrapolation  of  the  unloading  curve  to  determine  the  stiffness  S  and  cor¬ 
rected  indentation  dq)th  hcon.  The  correction  for  the  tip  rovmding  [3]  was  done  prior  to  each 
series  of  measurements  and  verified  by  measuring  the  hardness  of  Si(lll)  and  Sapphire  (001) 
taking  conservative  values  of  the  hardness  10.3  GPa  and  21-22  GPa  for  Si  [20]  and  Sapphire 
[21],  respectively.  The  hardness  was  also  determined  for  the  same  indentations  from  the  pro¬ 
jected  area  Ap  of  the  plastic  deformation  as  Hv  =  0.927  Ap  [2].  Ap  was  detamined  by  means 
of  calibrated  scanning  electron  microscope  (SEM).  A  photolithographic  mask  with  an  exact 
spacing  of  metallic  lines  was  used  for  the  calibration.  Figure  1  shows  an  example  of  the  re¬ 
sulting  values.  The  hardness  determined  by  SEM  remains  constant  to  the  smallest  applied 
load  of  5  mN  thus  confirming  that  the  pressure  under  the  indenter  reached  the  flow  stress  of 
the  coatings.  In  contrast,  the  hardness  value  from  the  indentometo:  strongly  increases  with  de¬ 
creasing  load.  The  load-independent  values  of  hardness  measured  on  silicon  and  Sapphire 
(Fig.  lb)  clearly  demonstrates  that  the  tip  correction  was  done  correctly. 


Fig.  1;  a:  Hardness  of  a  6  pm  thick  nc-TiN/a-BN  coating  on  stainless  steel  substrate  deto-- 
mined  by  means  of  the  load-depth-sensing  technique  (full  symbols)  and  calibrated  SEM  (open 
symbols),  respectively  and  b:  Hardness  of  Si(l  1 1)  and  Sapphire  a-Al203  (001).  (See  text.) 

The  very  high  values  of  hardness  obtained  by  the  carefully  calibrated  indentometer  at 
low  loads  are  incorrect.  The  reason  for  this  effect  is  probably  a  significant  elastic  deformation 
of  the  indenter  as  found  by  FEM  calculations  [  1 1]  but  more  detailed  investigation  is  needed  in 
order  to  clarify  this  question.  This  “Size  Indentation  Effect”  can  also  be  due  to  a  decreasing 
probability  of  the  occurrence  of  a  critical  flaw  within  the  tested  volume,  to  a  finite  distance 
between  deformation  bands,  depth  dependent  properties  of  the  coatings  etc.  If  the  surface 
roughness  is  comparable  to  h^d .  smaller  values  of  hardness  are  found  at  a  low  load.  Therefore 
it  is  necessary  to  check  the  measured  values  by  means  of  calibrated  SEM  (e.g.  [15]). 

Rscherscope  100  uses  linear  extrapolation  of  the  unloading  curve  to  determine  the 
corrected  indentation  depth  hcon-  as  suggested  by  Doemer  and  Nix  [3]  whereas  Oliver  and 
Pharr  elaborated  a  power  law  fit  for  the  determination  of  the  slope  of  the  unloading  curve  at 
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the  Lmax  from  which  hcorr  is  calculated  [4],  Both  techniques  yield  correct  values  for  the  con¬ 
ventional  materials  but  problems  arise  when  applied  to  superhard  ones  as  illustrated  by  Fig.  2. 
The  value  of  hardness  obtained  from  Fischerscope,  from  the  linear  extrapolation  of  30  %  of 
the  unloading  curve  corrected  for  the  tip  rounding  and  from  SEM  agree  very  well  whereas 
that  determined  from  the  power  law  fit  is  too  low.  This  is  in  accord  with  the  statement  of 
OUver  and  Pharr  [7]  that  for  very  hard  coatings  the  slope  of  the  upper  part  of  the  unloading 
curve  is  dominated  by  the  elastic  response  of  the  material/indenter  pair. 
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as  measured. 
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corrected  for 
tip-rounding 


Calculated: 

1.  Linear  extrapolation: 
20%rit:H=47.2GPa 
30%  fit:  H=48.8GPa 
35%rit:H=49.7GPa 
2.  Power  law  fit:  H=28.8GPa 

SEM:  H=  48.4  GPa 
Fischerscope  100:  H  s  49.7  GPa 


Fig.  2:  Comparison  of  the  val¬ 
ues  of  hardness  obtained  at  a 
high  load  of  200  mN  from 
Fischerscope  100,  by  calibrated 
SEM,  by  linear  extrapolation  of 
the  inicated  parts  of  the 
unloading  curve  and  by  the 
power  law  fit. 


Depth  [pm] 


Table  I:  Correlation 
between  the  plastic  Hv 
and  universal  Hu 
hardness. 


The  interpretation  of  the  results  from  Fig.  2  is  further  supported  by  the  correlation  be¬ 
tween  the  measured  “universal  hardness”  Hu  and  the  plastic  one  Hv  which  is  illustrated  for 
several  materials  in  Table  I.  For  soft  metals,  such  as  Au,  Cu,  Hu  scales  approximately  as  Hu  = 
lO  Hv  but  already  for  Si  the  proportionality  factor  decreases  to  about  0.63  (see  Fig.  7b  in  [5]). 
For  hard  matalals,  such  as  TiN  and  2C-SiC  the  proportionality  factor  decreases  to  0.4-0.5,  for 
superhard  ones  with  Hy  ==  40-50  GPa  to  0.3-0.4  and  for  ultrahard  coatings,  nc-  and  bulk  indus¬ 
trial  diamond  to  about  0.2  (see  Table  I).  Another  example  illustrating  the  problem  of  the  cor¬ 
rect  determination  of  hcorr  is  the  measurement  on  bulk  (ca.  6x6x1  mm^)  industrial  diamond. 
Figure  3  shows  one  example  of  more  than  20  indentations  which  we  did  at  maximum  applied 
load  between  30  and  150  mN. 

Many  further  artefacts  may  cause  errors  in  the  determination  of  the  hardness  of  super- 
and  ultrahard  coatings.  For  lack  of  space  we  limit  ourselves  here  only  ton  a  brief  remark  re¬ 
garding  the  effect  of  anelastic  response  of  the  steel  substrate.  Anelasticity  is  reversible,  time 


Material 

Hv  (GPa) 

Hu  (GPa) 

SUicon 

10.3 

7.3 

TiN  (PCVD) 

21 

12 

3C-SiC  (CVD) 

36-38 

16 

nc-TiN/a-Si3N4 

48 

15.5 

nc-TiN/a-SisNVa-TiSiz 

85 

17 

nc-TiN/a-SijNVa-  &  nc-TiSb 

105 

18 

nc-Diamond 

100 

17.5 

bulk  Diamond 

105  ±  10 

23.4  ±1 

average  value  of  10  measurements 
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delayed  strain  response  of  a  material  to  applied  stress  [22,23].  In  Ref.  [14]  it  has  been  shown 
that  the  anelastic  response  of  a  steel  substrate  can  cause  a  large  error  particularly  when  the 
measurement  is  done  at  a  low  load  of  <  30  mN. 


Depth  (imi) 


Figure  3:  Example  of  indentation 
into  a  bulk  industrial  diamond 
with  Lmax=  100  mN.  The  values 
of  hardness  obtained  by  the  linear 
extrapolation  agree  reasonably 
well  with  that  form  Fischerscope 
but  the  power  law  fit  yields  too 
low  values. 


The  slope  of  the  unloading  curve  at  the  maximum  load  is  used  to  calculate  the  com¬ 
posite  Young’s  modulus  of  the  indenter  and  material  being  tested  [3-5].  It  is  based  on  Sned¬ 
don’s  analysis  of  the  indentation  of  a  rigid  flat  punch  into  an  elastic  half  space  [24].  This 
analysis  was  shown  to  apply  for  any  axially  symmetric  indenter  [4,25]  and  also  when  plastic 
deformation  of  the  indented  material  occurs  [26].  The  researchers  also  carefully  verified  that, 
for  conventional  materials,  this  procedure  yields  the  correct  values  of  Young’s  modulus  [3-5]. 
In  the  case  of  superhard  coatings  when  the  pressure  under  the  indenter  reaches  >  40  GPa  the 
pressure  dq)endence  of  the  moduli  has  to  be  taken  into  account  [10].  Considering  the  typical 
pressure  dependence  of  bulk  modulus  B(P)  =  B(0)  +  (3-6)  P  (B(0)-zero  pressure  bulk 
modulus,  B(P)-bulk  modulus  at  pressure  P)  one  notices  that  for  suprehard  materials  where  P 
is  of  the  order  of  H  the  pressure  enhancement  (see  the  second  tom  on  the  right  hand  side  of 
the  equation)  may  amount  100  GPa  or  more.  The  problem  is  however  more  complicated  be¬ 
cause  of  the  very  non-uniform  stress  distribution  under  the  indenter  and  the  fact  that  the  elas¬ 
tic  response  at  fte  unloading  curve  close  to  Lmax  comes  also  fi’ora  the  distant  regions  of  the 
contact.  Furthermore,  as  already  mentioned,  the  elastic  deformation  of  the  diamond  cannot  be 
neglected  and  this  is  probably  at  least  one  of  the  sources  of  the  errors. 


E  (Gpa) 

B  (Gpa) 

G  (Gpa) 

Bind  (Gpa) 

445  +  20 

295  ±  15 

195  + 15 

242  ±25 

Table  II:  tsee  textl 


Comparative  measurements  of  elastic  moduli  were  done  on  4-10  pm  thick  coatings 
deposited  on  steel  and  0.1  mm  thick  5x50  mm^  large  Mo  strips.  The  coated  molybdenum 
strips  were  used  for  the  measurement  of  Young’s  modulus  by  means  of  vibrating  reed  tech¬ 
nique  (see  Fig.  4  and  ref.  [27]).  The  coatings  on  steel  were  used  for  the  measurement  of  elas¬ 
tic  moduli  by  means  of  Surface  Brillouin  Scattering  (SBS)  [28].  Here  we  briefly  summarize 
the  results:  A  total  7  samples  with  different  hardness  were  measured  and  the  results  compared 
with  the  value  of  elastic  modulus  obtained  from  the  indentation.  The  SBS  allows  us  to  deter¬ 
mine  the  shear  and  bulk  modulus  from  which  the  Poisson’s  ratio  v  »  0.25  is  calculated.  Using 
this  value  we  can  calculate  the  bulk  B  and  shear  G  modulus  on  the  basis  of  the  value  of 
Young’s  modulus  measured  by  the  VR  technique.  All  the  data  available  so  far  show  a  good 
agreement  and  the  results  are  summarized  in  Table  11.  Ejnd  is  the  average  value  of  the  elastic 
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modulus  obtained  on  the  coatings  by  the  indentometer.  One  notices  that  the  values  of  Emd  are 
between  those  of  bulk,  B,  and  shear,  G,  moduli  determined  by  the  SBS  and  VR  techniques. 
Considering  the  fact  that  the  Ema  should  be  pressure  enhanced  leads  to  the  conclusion  that  the 
elastic  modulus  measured  by  indentation  at  superhard  coatings  is  close  to  shear  modulus  of 
these  materials.  These  studies  are  still  in  progress  and  more  data  are  needed,  but  we  consider 
the  values  of  elastic  moduli  obtained  by  VR  and  SBS  as  reliable  because  the  resulting  bulk 
modulus  agree  well  with  that  measured  on  bulk  TiN  and  three  other  nc-TiN/a-Si3N4  coatings 
by  means  of  high  pressure  XRD  [29]. 


Fig.  4:  Temperature  dq)endence  of  the  Fig,  5:  Example  of  the  evaluation  of  elastic 

Young’s  modulus  of  the  steel  substrate  and  modulus  of  bulk  diamond  by  indentation 

of  the  coating  and  the  internal  firiction  [27] 

In  order  to  underUne  these  conclusions  we  show  in  Fig.  5  one  example  of  more  than 
20  indentations  into  bulk  Diamond.  One  notices  that  the  value  of  elastic  modulus  obtained  by 
the  linear  extrapolation  from  Fischerscope  is  again  much  lower  than  the  standard  value  of 
Young’s  modulus  of  1 100  ±  50  reported  in  the  litarature  for  bulk  diamond  and  even  less  than 
the  values  of  shear  G  =  533  GPa  and  bulk  B  =  442  moduli  [30].  For  the  discussion  of  the  pos¬ 
sible  reasons  for  this  discrqjancy  we  refer  to  the  forthcoming  full  length  paper  because  of  the 
lack  of  space  available  here.  The  elastic  deformation  of  the  Diamond  indenter  is  surely  one  of 
them,  but  another  one  is  probably  the  very  complex,  non-uniform  distribution  of  the  stress 
under  and  around  the  indenter  that  includes  a  large  fraction  of  shear. 

CONCLUSIONS 

v^plication  of  the  load-depth-sensing  indentation  technique  for  the  measurement  of 
hardness  and  elastic  modulus  of  super-  and  ultrahard  coatings  and  bulk  diamond  may  produce 
erroneous  results.  Only  load  independent  values  obtained  at  sufficiently  thick  coatings  and 
large  load  of  50-150  mN  when  using  the  linear  extrapolation  of  the  unloading  curve  for  the 
determination  of  the  corrected  indentation  depth  can  be  considered  rdiable  but  they  should  be 
checked  by  calibrated  SEM.  'The  elastic  values  of  moduli  obtained  from  the  unloading  curve 
using  the  standard  procedures  are  much  lower  than  the  value  of  Young’s  modulus  of  the  mate¬ 
rial.  For  the  superhard  coatings  they  seems  to  be  close  to  the  zero-pressure  shear  modulus. 
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